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Preface
Held in Sydney from gth to l2'h November 1999, ICB-ICUC'99 broqght tQgether ca 300 scientists from 50
different countries to discuss current developments and future plans in biometeorology and urban climatology.
Approximately 300 papers were presented, either orally or in poster format during the five days. The
overwhelming majority of these presentations were accompanied by full written papers that were distributed to
delegates in the ICB-ICUC'99 Proceedings CD-ROM at the conference (ISBN 1 86408 543 6). Selection of the
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independent referees' reports on each paper. The editors would like to thank the referees listed on the facing
page for their valuable advice tbroughout the selection process.
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1. Conversion of units to SI.
2. Correcting the language of the papers, especially from non-English speaking authors. In cases where the
changes were substantial the papers were reviewed again by the authors before publication.
3. Graphics were redrafted in some cases to comply with the editors' publishing software.
4. Excessively long manuscripts were compressed where possible to fit within the six-page limit.
5. All manuscripts were reformatted to comply with the book's style guide.
The editors have tried to produce a book that refle-cts both the breadth and depth of the ICB-ICUC'99 scientific
programme. The papers herein will be of interest to graduate students, teachers and researchers in the
atmospheric and biological sciences, architects, planners and other built environment professionals. The papers
have been organised into 14 thematic chapters that have, in turn, been grouped into three parts. Part I contains
papers on topics at the intersection of Urban Climatology and B'iometeorology. Part II comprises papers on
Biometeorology, while Part III focusses on Urban Climatology.
Finally we thank the authors for their. contributions and apolQgise if any mistakes :remain in their papers after our
·editing.

RdeD, JDK, 'fRO and AA
AugustlOOO

xiv

Referees
Dr John Arnfield
Dr Tom Beer
Dr Paul Beggs
Dr Arieh Bitan
Dr Jorgen Bogren
Dr Robert Bomstein
Dr Anthony J Brazel
Dr Frank Chmielewski
Dr David D Cohen
Dr Martin Cope
Dr Carlos Corvalan
Dr Chris de Freitas
Dr Dennis Driscoll
Dr Ingegard Eliasson
Dr Stanley Gedzelman
Dr Yair Goldreich
Dr Richard Grant
Dr Sue Grimmond
Dr LeRoy Hahn
Dr Steve Hanna
Dr Alfred Helbig
Dr Andrej Hocevar
Dr Peter Hoeppe
Dr Masami Iriki
Dr Emesto Jauregui
Dr Gerd Jendritzky
Dr Glenn Johnson
Dr Lucka Kajfez-Bogataj
Dr Laurence Kalkstein
Dr Manabu Kanda
Dr Eric Keeble
Dr Hesham K.halifa
Dr Monique Leclerc
Dr Paul Llanso
Dr Helmut Mayer
Dr Tony McMichael
Dr Gerald Mills
Dr Masakazu Moriyama
Dr Manuel Nunez
Dr Simon Oyediran Ojo
Dr Bhamidipaty Padmanabhamurty
Dr Eberhard Parlow
Dr Kyaw Tha Paw U
Dr Andrew Pitman
Dr Rob Samuels
Dr Peter Schuepp
Dr Mark Schwartz
Dr William Selvamurthy
Dr Milton Speer
Dr Thanh Ca Vu
Dr Itsushi Uno
Dr James Voogt
Dr Shuji Yamashita

The Ohio State University, USA
CSIRO Atmospheric Research, Australia
Macquarie University, Australia
Tel Aviv University, Israel
Goteborg University, Sweden
San Jose State University, USA
Arizona State University, USA
Humboldt University of Berlin, Gennany
Australian Nuclear Science and Technology Organisation, Australia
CSIRO Atmospheric Research, Australia
World Health Organisation, Switzerland
University of Auckland, New Zealand
Texas A&M University, USA
Goteborg University, Sweden
City College of New York, USA
Bar-Han University, Israel
Purdue University, USA
Indiana University, USA
US Department of Agriculture, USA
George Mason University, USA
Universitat Trier, FB VI, Gennany
Biotechniska Faulteta, Slovenia
Institute for Occupational and Environmental Medicine, Gennany
Yamanashi Institute of Environmental Science, Japan
National University of Mexico, Mexico
Deutscher Wetterdienst, Gennany
Macquarie University, Australia
Univerza V Ljubljana, Slovenia
University of Delaware, USA
Tokyo Institute ofTechnology, Japan
University of Manchester Institute of Science and Technology, UK
AI Azhar Univeristy, Egypt
University of Georgia, USA
WMO, Switzerland
University of Freiburg, Gennany
London School of Hygiene and Tropical Medicine, UK
University College Dublin, Ireland
Kobe University, Japan
University of Tasmania, Australia
University of Lagos, Nigeria
Jawaharlal Nehru University, India
University Basel, Switzerland
University ofCalifomia at Davis, USA
Macquarie University, Australia
University ofNSW, Australia
McGill University (Macdonald Campus), Canada
University of Wisconsin at Milwaukee, USA
Defence Institute of Physiology & Allied Sciences, India
Bureau of Meteorology, Australia
Saitama University, Japan
RIAM Kyushu University, Japan
University of Western Ontario, Canada
Tokyo Gakugei University, Japan
XV

Opening Address by
Professor G.O.P. Obasi,
Secretary-General, World
Meteorological Organization
Dr Andris Auliciems , President of the International Society of Biometeorology,
Dr Richard de Dear, Chair of the Local and Intemational Organizing Committees,
Dr Geoff Love, Representative of the Minister of the Environment and of
the Director of the Bureau of Meteorology,
Distinguished Delegates,
Ladies and Gentlemen,
First of al l, I would like to extend a warn1 welcome to all partiCipants of the International Congress on
Biometeorology and of the International Conference on Urban Climatology. It is an honour and a privilege for
me to address this imporiant and, probably, the world's largest scientific forum on biometeorology and urban
climatology. On behalf of the World Meteorological Organization (WMO) and my own, I would like to thank Dr
de Dear, Chairman of the Local and International Organizing Committees for the invitation to address this
gathering. I also wish to express my appreciation to the Government of Australia for hosting both the
Intemational Congress on Biometeorology and the Conference on Urban Climatology.
Both the International Congress and the Conference have long histories. The Congress had its first session in
Paris in 1956, while the Conferences on Urban Climatology date back to 1968 when WMO and the World Health
Organization organized the first conference in Belgium. My very presence here today, and WMO's
cosponsorship of the two events, are indicatives of our commitment to the two subjects of biometeorology and
urban climatology.
I also wish to congratulate the initiators of the idea of a joint Conference, which I understand, will deal with
topics related to the interactions between the atmosphere and the biosphere, as well as those related to the urban
atmosphere and the hydrosp here. Such a Conference is most timely in view of the growing concern regarding the
rise in global population, especia ll y in urban areas, and other factors including the degradation of the
environment, the continued dwindling of water resources, continued severe impacts of natural disasters in urban
areas, and the projected impact of climate change on sustainable development. The organization of the joint
event will further contribute to minimizing duplication of efforts, and the development of synergies in fields that
significantly contribute to the we lfare of humanity in the areas of interest to biometeorology and urban
climatology.

Distinguished Delegates, Ladies and Gentlemen,
We are all aware that human beings, anima ls and plants have always existed in harmony with the climate of the
local environment and have often responded physiologically to a multiple of atmospheric conditio1iS, including
temperature, precipitation, humidity, wind and so lar radiation. For examp le , in most countries, people can live
comfor1ably in the temperature range of I7 °C 31 °C, depending also on the humidity and the wind conditions .
Generally speaking, extreme temperatures and humidities have adverse impacts on human beings and on the
ecosystems. Extreme atmospheric events, such as tropical cyclones, droughts and floods, which cause some
25,000 deaths annually, often create conditions that are favourable for certain diseases to thrive, such as malaria ,
cho lera and dianhoea. Droughts may engender diseases that are linked to lack of food and clean water.
Furthermo re, the depletion of the ozone layer that protects life on earth from dangerous ultra-violet (UV -B)
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radiation from the sun, has been associated with sunburn, suppression of the immune system, skin cancer and eye
damage, among many other health problems, and has adverse effects on plants and animals.
In addition to these, we have to consider the impacts of potential climate change on hwnan health and
ecosystems. Current estimates show that by the year 2100 the mean global temperatures will ·increase by between
1 to 3.5°C, with a mean of 2°C, and a corresponding rise in sea level will be within the range of 15 to 95 em,
with a probable value of 50 em. Such changes may cause zones with suitable habitat for species to move; forests
to decline; higher frequencies of extreme floods and droughts; changes in local and regional heat and water
balances; harsher desert conditions; increases in desertification; major alterations in productivity and species
composition in tropical rangelands may occur and the disappearance of between one-third and one-half of
existing mountain glacier mass becomes likely. With the expected changes in sea-level rise, coastal ecosystems,
such as saltwater marshes, mangroves, coral reefs, coral atolls and river deltas, w"ill be particularly at risk.
Note that the urban population is not insulated from the negative impacts of -the anomalies in atmospheric
behaviour that could·result in health hazards and in disasters related to extreme weather events.
The UN Habitat Conference, held in Istanbul in 1995, focused world attention on these issues. Many of the
conclusions of that Conference are still valid today.
Since that Conference, the urban population has continued to increase. Indeed, according to the United Nations
estimates, the world population reached the six billion mark on 12 October this year, and is estimated to be about
8 billion by the year 2025 and 10 billion in the year 2050. Already about one-halfofthe world's population lives
in urban areas and prediction for the year 2025 shows that two-thirds will be city dwellers.
As we move to the 21st century, the question one might ask is: What will be the outlook for urban dwellers?
Regrettably, urban areas will remain particularly vulnerable to changes in environmental conditions. For
instance, mortality resulting from heat stress is expected to increase substantially over the next few decades.
Unplanned settlements and urban centres will remain particularly sensitive to hazards resulting from natural
disasters, since one-third of the urban population lives in sub-standard housing and forty per cent do not have
access to safe drinking water or adequate sanitation.
Furthermore, the urban population is increasingly subjected to an environment which is often polluted by metals,
pollen and fungal spores, as well as toxic emissions and gases. Local effects from pollutants, such as smog and
low-level ozone concentrations, as well as the presence in the air of certain pollens, have also been linked to
acute attacks of asthma and other re~piratory diseases. It is also well known that urbanization and other land use
activities can change the local climate and create heat island and urban rural wind effects that Jiave far-reaching
implications for pollution transmission to populations in distant areas. This calls for the effective use of
climatological information in urban planning and development.
By designing and building urban areas in harmony with climate and the environment, with more energy- and
water-efficient infrastructures, it is possible to mitigate many of the negative impacts related to urbanization.
In the light of these considerations, one may ask: What has an organization like the World Meteorological
· Organization been doing and what will it do to address recent challenging issues related to biometeorology and
urban climatology? Firstly, the World Meteorological Organization is the United Nations System's authoritative
scientific voice on matters relating to the atmosphere, the weather and climate it generates and the resulting
distribution of global water. Such atmospheric interactions with the environment, including land, oceans and the
biosphere, are within the areas of expertise of the Organization. WMO has therefore engaged in projects that
naturally focus on the interactions between human activities, weather, climate and water.
One such project is urban climatology, which was formally endorsed by the World Meteorological Congress in
1995.
We do have many programmes and projects that contribute substantially to the subject areas being addressed by
your Conference. I will briefly mention a few of these.
Firstly, WMO, with its Members, operates a Global Network of some 340 stations within its Global Atmosphere
Watch Programme. The programme provides for the monitoring and research activities related to greenhouse
gases and ozone, monitoring lower atmospheric composition and background pollutants and the long-range
transport of pollutants, including acidity and toxicity of rain, and the levels of aerosols, radionucleides and
ultraviolet radiation. As a routine service, a number of national Meteorological Services around the world, in
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cooperation with local health authorities, issue regular pollution indices and ultra violet radiation levels to the
population.
Secondly, WMO implements the World Climate Programme (WCP), which facilitates the monitoring and study
of the entire climate system and its impact on human activities and on the ecosystem. Data compiled by this and
other Programmes indicate that recent years have been among the warmest since 1860, and that 1998 was in fact
the warmest year on record. Atmospheric concentration of C02 has also continued to increase and now stands at
367 parts per million by volume, an increase of 31%, since the industrialization period. Recent EI Nino events,
and the associated world-wide impacts, serve as hints of what could be some of the impacts of climate change on
a world-wide basis if it turns out that global warming is indeed having an effect on EI Nino. WMO also
continues to issue, annually, the Statement of the Global Climate and supports the work of the WMOIUNEP
IPCC, which will issue its Third Assessment Report in the year 200 I. The programme also supports the UN
Framework Convention on Climate Change, the International Convention to Combat Desertification and the
Biodiversity Convention.
Thirdly, the mitigation of natural disasters is of basic concern to the Organization. In the framework of its World
Weather Watch programme, WMO operates over 10,000 surface stations and over 1,000 upper air stations
globally. In addition, it has established three World Meteorological Centres, 39 Regional Specialized
Meteorological Centres and 187 National Meteorological Centres. The centres provide various products,
including weather forecasts of 8 to 10 days in advance. Some of the specialized centres provide seasonal
forecasts, warnings of severe weather events, and the transboundary transport of pollutants, such as in the cases
of the Chernobyl accident and the forest fires in South-east Asia.
Fourthly, WMO operates a Hydrology and Water Resources programme that enables countries to assess and
predict their water requirements, monitor water quality, and predict and warn of flood situations.
Distinguished Delegates, Ladies and Gentlemen,
As a complement to the efforts of WMO and other relevant Programmes that contribute to the global
understanding and advancement of biometeorology and the application to urban climatology, I would invite the
Conference to consider the following:
Firstly, the issue of adequate observational data required for studies in many fields of concern to the Conference.
In this respect, the Conference should assess the requirements for additional meteorological and hydrological
data and make proposals regarding the enhancement of collaboration between the national Meteorological and
Hydrological Services (NMHSs), and relevant national institutions and urban authorities;
Secondly, the need for NMHSs and relevant urban authorities to initiate or strengthen activities related to the
provision of weather and climate information within the context of a Climate Health Watch, warnings and climate
application services that will be vital in the big cities of the next century;
Thirdly, the need for NMHSs and the respective urban authorities, to strengthen cooperation in the area of urban
design, development and planning to ensure coping with the challenges of climate variability and change and
assuring the optimum use of the vital basic resources such as water and energy, and the minimization of urban
pollution;
Fourthly, to consider ways of encouraging studies at national, regional and global levels on matters related to the
interaction between the atmosphere and the biosphere and its implications for the environment and urban
dwellers; and
Finally, to consider ways of developing skilled human resources that will be devoted to addressing the new
challenges of the mega-size urban centres of the next century. Increased attention should therefore be given to
capacity building and to the promotion of multidisciplinary approaches in addressing issues related to
biometeorology and urban climatology by involving meteorologists, hydrologists, health experts, engineers,
architects, urban planners and social scientists, among others.
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Distinguished Delegates, Ladies and Gentlemen,
I wish to assure you once again ofWMO's continued commitment and collaboration in support of your efforts in
addressing the important issues that will prepare· humankind to face many of the human and environmental
challenges of the 21 51 century.
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Opening Address by Dr Klaus ~oepfer,
Executive Director, United Nations
Environment Programme, Nairobi, Kenya
On behalf of UNEP, it gives me great pleasure to send a message of welcome to the participants of the
International Congress of Biometeorology and the International Conference on Urban Climatology. The fields of
biometeorology and urban climatology are growing very rapidly, as is evidenced by the large number of
interesting and exciting research papers on the agenda.
Many places have been experiencing great variations in local climate, with associated large impacts on cities and
society. With the possible prospect of a changing climate, it becomes imperative that we work on means of better
understanding the impact of climate variability on human society and the myriad of organisms that we live in
harmony with. We at UNEP are proud to be sponsors of this meeting, and we are also pleased to be participating
in some of the studies that will be discussed during both the biometeorological and urban climatological sessions.
Most notably, the climate/health "Showcase Projects", which are being partially funded by us and other related
UN agencies, will help in developing proper intervention activities when excessive heat is forecast for vulnerable
urban areas. We at UNEP are fully involved in the development of a heat/health watch-warning system for the
city of Rome, which will be operational during their 2000th anniversary next summer. This project, which is
being developed with the cooperation of the WMO, the Slovenian Hydrometeorological Institute, and the
University of Delaware, will permit Roman health officials to issue heat warnings up to 60 hours in advance, and
to prepare the proper intervention activities to lessen the threat of heat-related illness or death. The system will
use an innovative "synoptic climatological approach", which identifies air masses which are historically
associated with increased heat-related mortality. UNEP is also involved in the development of a similar system
for Shanghai, People's Republic of China. A planning meeting was held in Shanghai last month, and system
construction is now commencing. It is hoped that this heat/health system will be operational by sumnier, 2001.
UNEP is happy to be participating in this Congress, and we are very pleased to be partners in the development of
these two important systems. It is clear that biometeorologists and urban climatologists are enhancing our
understanding of the interactions between our atmospheric environment and life across all scales - from global to
urban to organism. I personally wish you all the best in your fruitful research endeavors.
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Reflections on the ICB-ICUC'99
Urban Climatology Scientific Programme by
Dr Robert Bornstein, San Jose State University
The ICB-ICUC'99 conference brought together experts and beginning urban climate researchers from around the
world, and thus provided an excellent opportunity to evaluate the state of the field of urban climatology. This
summary thus presents a personal evaluation of the current status of this important science.
One challenge facing any applied-science discipline, such as urban climatology, is communication of its
important results to relevant scientific and regulatory communities. While adverse effects of urban climate
modifications are neither as severe nor immediate as those say from a hurricane, the health and well being of
individuals and of large urban populations can be significantly affected as follows:
• Health effects from air pollutants: Increased morbidity and mortality rates from pollutants, whose
distributions are controlled by an boundary layer structure modified by urbanization.
•
Urban flooding: Increased deaths due to increased runoff associated with replacement of porous surfaces by
impervious urban surfaces. We need to provide the relevant inputs to hydrologic models in a format that can
be used.
• Thermal stress:
Increased mortality from the urban heat island (UHI), an effect required in
biometeorological models.
•
Spread of diseases: Paths of disease vectors, e.g., insects, are modified by urbanization effects on
atmospheric boundary layer structure, complicating the work of public health officials.
•
Weather modification: Urban areas can both initiate or modify the paths of moving summertime convective
thunderstorms, making accurate weather forecasts more difficult.
•
Building design and urban planning: Urban renewal, or the planning of new towns or buildings, should be
done to create climates beneficial and not detrimental to human health.
•
Global climate change: Urban areas contribute most of the heat and pollutants that impact global change;
UHis produce an urban "bias" in global warming estimates; and most people live in cities, where global
warming is exacerbated by UHis; and regional and global models require urbanization to better simulate the
climate of cities.
Scientists in the disciplines mentioned above can be made more aware of urban climate aspects of their own
research efforts if urban climatologists:
•
Present papers at technical conferences in the impacted disciplines.
•
Publish papers in journals in the impacted disciplines, including both review papers (with many references to
urban climate research) and joint publications with scientists outside of urban climate.
•
Provide an add-on "urban context" in field studies designed for scales larger than urban.
•
Develop "point and click" software application packages that contain urban climate information for urban
planners.
• Use popular media outlets to present results from urban climate research.
Importance must also be placed on communication of research results within our own community. The Urban
Atmosphere issues of Atmospheric Environment were discontinued because not enough urban climate papers
were submitted, and because of its low "impact rating," a measure of how frequently its papers were referenced.
More references in our own works will maximize the. spread of our results.
New developments contributing to the spread of urban climate infonnation include the existing on-line urban
newsletter and the proposed on-line urban climate journal, which can publish papers with color graphics. The
community must feed the former information on e-mail addresses, technical conferences, RFPs, and news items.
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An urban research web site, which could present pre-publication research results in color, should also be
developed.
Standardization of urban climate terminology, units, graphics, parameterizations, etc., would make research
results more understandable to ourselves and more accessible to impacted disciplines. Issues include:
• Use of sky view factor as the composite urbanization parameter.
•
Standardized definitions of UHI type (e.g., 1.5 m versus surface radiative) and of site type (urban versus
suburban).
•
Pararneterizations to provide both increased understanding and useful model linkages.
• Graphical presentations of results that use local standard time and non-dimensional results presented as a
percent of maxim~ impact.
Urban climate researchers must be familiar with the literature on recent advances in understanding of the
complexities of urban climate effects, which include opposite effects under differing atmospheric conditions.
Researchers must then segment their data to illuminate maximum urban impacts. Areas include:
• UHI accelerations during low speed conditions versus urban roughness decelerations during high speed (i.e.,
non-UHI) conditions.
• Urban moisture excesses during rural dew-formation periods versus urban moisture deficits during rural
evaporation periods.
• UHis during daytime rainy periods (that produce high thermal inertia rural soils) versus urban cool islands
during daytime dry periods (that produce low thermal inertia rural soils).
•
Urban thunderstorm initiation during low speed (i.e., UHI) periods versus urban thunderstorm deficits during
high speed (i.e., non-UHI) periods, when thunderstorms split move around cities.
Still outstanding problems in urban climate research include:
• urban-rural wind speed and humidity differences as functions of elevation
•
urban effects on frontal precipitation
•
causes of the urban temperature "cross over layer"
•
physics of the UHI versus the urban "cool island"
•
UHI types: road versus satellite (not AVHRR, but SPOT or LANDSAT) versus "complete surface"
•
definition of the "urban surface"
• canyon-top flux measurements
• modelurbarrization
•
model linkages across scales: urban canopy layer to urban boundary layer to regional.
Researchers in urban climate must use the latest advances in the following technologies to tackle the above
problems:
•
in situ probes: profilers, radars, sounders, and balloons
•
aircraft and satellite remote sensors
• fixed and mobile towers
• GIS packages
• graphical arrimation of results
•
internet
•
wind tunnels.
Maximization of results under the above agenda requires members of the urban climate community ·to work
together to:
•
build multi-disciplinary research teams (consisting of observationalists, GIS people, modelers, and planners)
on all scales (from micro to canyon to boundary layer)
•
combine small specialized urban conferences into larger ones to provide increased cross-discipline
fertilization via integrated sessions, review papers, and round table discussions
•
discuss research problems during conference presentations
•
re-analyze existing data sets
•
combine existing urban field studies, as the whole is greater than the sum of the parts
•
carry out field studies in all climate regions, in all seasons, and under all weather conditions to produce a
complete understanding of all climate impacts
•
work together between conferences on long term urban climate research goals
•
develop the next generation of researchers.
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The WMO has many important contributions to make to complete this agenda, when it provides for:
•
instrument siting guidelines
• umbrella projects (e.g., TRUCE), under which researchers can obtain local funding
• site training by visiting experts
• short term visits by young researchers
• review papers
• conferences.
It is hoped that this personal summary can stimulate further useful discussions, both within the urban climate
community, and between its members and scientists in the many other disciplines impacted by urban climate
research.
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Reflections on the ICB-ICUC'99
Biometeorology Scientific Programme
by Dr Ian Burton, University of Toronto
By a widespread consensus the Sydney ICB was one of the most successful in living memory. Some said it the
most successful. How might this be explained? There are many reasons and I will state a few of the more obvious
ones before advancing a more general idea.
The location was spectacular, and the host city and country did us proud. This was in no small part due to the
magnificent efforts of Dr Richard de Dear and the Local Organizing Committee. Then there was the support of
WMO, and the decision to hold a joint meeting with the International Congress on Urban Climatology. The
WMO support enabled many more members from developing countries to attend than has previously been
possible. We owe a special debt to Professor Obasi and his colleagues. The joint meeting resulted in larger
attendance and gave opportunity for more scientific exchange both within the formal sessions and in the corridors
and hotels.
These important factors provided necessary but not by themselves sufficient conditions for a successful meeting.
What really tipped the balance was the high quality of the papers; the presentations, and the discussions. I
conducted a private (but not anonymous) poll and found that most people found the quality of papers to be
excellent, and then they went on to cite their own favourites. Not surprisingly perhaps, there was little agreement
on this! The quality of the papers, of course, owes a lot to the work of the two International Scientific
Committees (the ICB-ISC Chaired by Dr Andris Auliciems and the ICUC-ISC Chaired by Dr Tim Oke) and
everything to the authors themselves, but there is perhaps more to it.
My own general idea is that now the scientific and intellectual tides are flowing very strongly in the direction of
interdisciplinary studies in biometeorology. This has not always been the case, and the vision of the founders of
our Society has not always been appreciated as much as they expected and we would like. The times are changing
however, and I think that the International Society for Biometeolology now has a splendid opportunity to flourish
and make important contributions as never before. This is not just a matter of intellectual accident or fashion. The
need for new understandings and applications in biometeorology is driven by the circumstances of the human
family at the tum of the millennium.
Much has recently been written and said about globalization. The process has it supporters and its detractors. A
challenge to the scientific community. is to help ensure that the benefits of globalization far outweigh the costs.
Among the results of globalization is a growing sense of the common interests of humanity, and the increasingly
unacceptable levels of inequity. In previous decades the success of economic growth in a minority of countries
was justified and often accepted on the grounds that "a rising tide lifts all boats". Now it is more and more
recognized that growth by itself is insufficient unless the question of the distribution of the benefits of growth are
simultaneously addressed. The significance of this for ISB is that much of our scientific work and its potential
applications can be extended and applied to these new global priorities.
I refer to the special contributions that ISB scientists bring to the understanding of the interactions of the
atmospheric environment with all elements of the biosphere, not least human beings, individually and in their
many collective activities. Prominent among the problems of the day are the appalling living conditions of people
living in rapidly growing, highly congested cities in the tropical world. In these cities air pollution, heat stress,
and extreme atmospherically driven events such as floods and storms are a constant threat to health and well
being. In some rural areas, especially in Africa, climatic variability and drought increasingly threaten food
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security_; And througJrout·the developing world; population ·growth; crowding, and'' inadequate. health· care. are·
creating,new vulilerabilities which seem likely to become worse.under the conditions of:climate ch~.

The scale ofthese·problems is such that they can·no longer b'e isolated or contained'with'in th'e·coWltries·· and·
populations most affected. Biometeorologists have always understood that the atmosphere. functions · as one.
(admittedly chaotic) system. The new challenge is to bring global environmental (atmospperic).science. into a
closer ·relationship. with global biosphere and. socio-economic. systems. The Sydney COngress"was.:an.important .
step- in.this ·direetioa.
The different specializations within biometeorology all have important roles .to play. To name-a: few; forest; .
agricultural; and animal biometeorology; human health and comfort in relation to atmospheric. variables and
related . epidemiology; as well as their many applications are clearly important. We. would· be missing an
important opportunity however ·if we relied solely on analytical and reductionist science. The challeng~ . also
includes the effective synthesis ofknowledge, often focused around specific practical issues.
Partly in response to this challenge· it .was decided at Sydney to terminate the existing set-up of Study Groups
within ISB.and create an operational process of establishing Commissions where there is a specific problem to be
addressed in a limited·time frame with the prospect of external funding. At the.same time members were invited
to propose Study Groups for the more general purposes ofintellectual exchange and debate. The innovation now
appears -to be well in hand·and:working we!f.
There is nothing new in these reflections. What accounts for the success of the Sydney Congress more than
anything is the growing understanding. of the importance of the contributions (actual and potential) of
biometeorology, and the growing recognition that the Internationat ·society for Biometeorology makes a most
appropriate venue·and context in which this work can be more strongly and vigorously developed.in the.years to
come. It is:not too.much to speak of a renaissance.in our Society and a renewed sense of purpose.
If 'we are to succeed in meeting the challenge we must continue the process of chang~ and innovation; continue.to
raise the level of our scientific meetings; strengthen the International Journal of Biometeorology and increase its
circulation, and increase our membership, not least in those countries, including developing countries, where our
present membership is low. We cannot fulfill our promise as an interdisciplinary field and society unless we can
recruit more trained scientists to strengthen our capacity. A modest ambition would be for each present member
to bring in two new members and help to ensure that they attend the next ICB Congress. in 2002. There is no
better way ofshowing our collective appreciation to the supporters and or!@llizers of the Sydiley Congress for a
job well done.
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ABSTRACT
In this paper, urban microclimate is discussed with special attention given to urban vegetation. Numerical
simulations based on the coupling of the SOLENE thermal program and the N3S computational fluid dynamics
(CFD) code are proposed to model wind flow, air and surface temperatures. Theoretical principles, hypothesis,
and coupling methodology are presented here. This set of numerical tools is combined in order to help urban or
landscape planners, architects and engineers to analyse the impacts of different projects on microclimate and on
outdoor thermal comfort under hot summer conditions. To illustrate this approach, an open space in Montpellier
(southern France) called the "Place du Millenaire", designed by Ricardo Bofill, is studied by considering various
cases (no vegetation, actual vegetation and vegetation in 30 years). The comparative results demonstrate
improvements of urban form, microclimate and outdoor thermal comfort.
NOMENCLATURE

Cpa : air heat capacity (J.kg· 1.°C' 1)
E, EP*: real and potential evapotranspiration (W.m-2)
E.: evaporative capacity of air (kg.m·2 .s' 1)
Fu, Fs~cy: surface (ij) and sky view factor
h: convective transfer coefficient (W.m'2 •0 C' 1)
K: conductance (W.m·2 •0 C'1)
L: latent heat (J.kg' 1)
rs, r1R: solar and infrared reflectivity
R.: aerodynamic resistance (s.m' 1)
Tim Toult Ts: indoor, outer air and surface temperature ( 0 C)
V: wind speed (m.s' 1)
~: slope of the water vapour saturation curve
0
~T•.,(max): maximal difference between urban and rural temperature ( C)
1
y: psychrometer constant (67 Pa.K' )
2
<I>cond• <I>con•• <I>rad• <l>s, <1>1R: conductive, convective, radiative, solar and infrared flux density (W.m' )
3
Pa : air density (kg.m' )
INTRODUCTION

Urban microclimate results from complex interactions between climatic conditions, geometrical configurations,
buildings materials, vegetation, water zones and human activities. Under hot summer climates, some cities are
concerned by an increase of temperature, this phenomenon having tremendous consequences on energy
consumption for air conditioning, pollution emission and resulting diseases. The benefits of urban vegetation
have been discussed by many authors (1,2,3). Trees are frequently used in urban design because they represent
historic, visual and aesthetic symbols. They are supposed to improve the quality of life by acting on pollution,
urban noise and by adding natural elements to the artificial environment. From a thermal point of view,
vegetation can modify the urban microclimate in several ways:
•
•
•
•
•
•
•

Shading effects: solar heat gains are lowered in summer while in winter solar radiation can pass through
deciduous species unobstructed.
Reduction of the short-wave and long-wave radiation from soil to environment or to buildings.
Mitigation of the environment and surfaces temperature: convective and conductive loads can be lowered.
Evapotranspiration: trees can regulate their foliage temperature to within a few degrees of air temperature.
Channelling effect: increase in the speed of summer breezes.
Windbreak effect: wind speed and infiltration mitigation in winter.
Insulation effect: eg. dead air space between house and hedge.
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Impacts of trees have been assessed in earlier studies by scale models, wind tunnel and field measurements.
However, in urban settings, only a few approaches have used numerical simulation to investigate the influence of
vegetation. In this context, the following hypotheses will be the starting point of the research:
I) Urban microclimate and outdoor thermal comfort can be improved by rational use of vegetation.
2) Numerical simulations enable to compare various situations and bring important information to urban
planners.
The objectives of this paper are to describe the simulated heat transfers in urban environment taking into account
vegetation and then to quantifY these effects. An application to an open urban space is presented to illustrate this
approach.

METHODS
Two numerical tools are used to realise thermal simulations: the software SOLENE (developed by CERMA)
enables the surface temperature calculations (4) and is combined with a CFD code, N3S (developed by
Electrecite De France) for the wind flow and air temperature determination. Tools, coupling methodology,
thermal behaviour of vegetation and outdoor thermal comfort are detailed in this section.

Surface temperature
The urban outdoor space under consideration is modelled in SOLENE as a set of polygonal facets, each one
owing its particular dimensions, thickness, and physical properties: thermal conductivity, solar reflectivity and
infrared emissivity. The aim of the simulation is to calculate the exterior surface temperatures of these facets
(which will be denoted as T,}. On every facet a stationary energy budget is applied, written as:
(1)

<l>cond + <l>conv + <l>rad(net) = 0

Indoor air temperature is supposed to be constant and held at a fixed value (imposed by an air conditioner for
example). Climatic data, outdoor air temperatures, wind speed, global radiation and water content of the air, are
taken at the nearby weather station. Air velocities are used to compute a convective transfer coefficient (h)
according to an empirical correlation. Those parameters being fixed, both conductive and convective fluxes
depend on only one unknown, the surface temperature of the current facet. Special boundary conditions must be
applied on the soil facets that do not have any interface with an inner air volume as wall facets do. A fixed
ground temperature is chosen at a given depth (I meter for example), assuming that variations are small at this
level. So, fluxes can be noted as :

(2)
(3)
Then, net radiative fluxes <l>rad(net) are divided in two terms, one in the solar (visible + near infrared) band and
the other in the thermal infrared band. Global solar contribution <l>s (net) is first computed on every facet as a
sum of the direct diffuse and reflected irradiances. This contribution is used to initialise a progressive refinement
algorithm (5,6), treating multiple reflections between facets in order to obtain the net solar fluxes. Infrared
exchanges are computed using an accurate form factor distribution (Fu) for all the other facets of the scene.
Exchanges with the sky are modelled according to the literature (7,8) and sky view factors:

ct>,R (sky)= (1-ruv Fsky[5.5 (T0 u,) + 213]

(4)

For the infrared band, an iterative procedure is applied following these steps: initialisation of surface
temperatures, infrared radiosity calculation, determination of total net fluxes <1>1R (net) which are included in the
energy budget (rewritten as eq. 5) and new surface temperature calculation (eq.6) until convergence.
K(T;nl- T 5)+h(T0 u1- T5)+ <l>s (net)+ ct>,R (net) = 0

(5)

T, = Toul + [K(T; 01 - Toul) + <l>s (net)+ ct>,R (net)]/(K+h)

(6)

Ajr temperature and wind flow
Heat and wind flows are computed with N3S, a finite element CFD code, solving the Reynolds averaged NavierStokes equations with the standard k-epsilon turbulence model and under the Boussinesq approximation (9).
Porosity and drag coefficients can take into account the presence of trees. The incoming wind profile follows a
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power law characteristic of an atmospheric boundary layer, derived from meteorological conditions (the wind
measured 10 meters above the ground) and adjusted for the site location. Surface temperatures computed by
SOLENE are boundary conditions for the energy equation solved by N3S. Convective fluxes are determined
from wind speed or surface and air difference temperature and are reintroduced in the SOLENE thermal balance
until convergence

Coupling ~ethodology
To link the heat and wind transfers computed from both numerical tools, a coupling strategy is necessary and
interfaces must defined. The coupling scheme is described below (Fig. 1) and is based on an iterative
determination of convective fluxes. Interpolations are used because geometrical meshed grids are not the same in
both situations.
Timet
Database + Initialisation
SOLENE

N3S

Radiosity (Solar)
Convective fluxes
Boundary conditions

Thermal balance+Radiosity (IR) : Ts..n

Wind flow + Tair
New convective fluxes : test
Timet +1

Fig. 1: Coupling methodology

Thermal behaviour of trees
Direct solar interception by the most common species of trees in the streets in Valencia was recorded in Summer
(10). The direct solar radiation was measured near as well as under the trees and the average transmission was
close to 10 %. So, the solar fluxes received by the facets in the shadow of trees are weighted by this fraction.
Water evaporates from soil and plant surfaces and transpires through the plant to satisfy an atmospheric demand.
The combination of these processes is termed evapotranspiration. The thermal balance on a leaf leads to an
estimation of the surface temperatures (Ts) (eq. 7) based on theoretical potential evapotranspiration (EP•). This
notion corresponds to the maximal value of evapotranspiration, without any resistance (uniform wet grass area
and water area) and is defined with the Perunan-Monteith formula (eq. 9). Water Joss characteristics vary widely
among plants. In nature and in urban envirorunent, measurements are not always possible and estimation can be
done using a specific coefficient k (ratio of the actual and reference value) (eq. 8).

(7)

(8)
A <l>,..,Anet)
,.,.
.,.
---'-'~---'- + y.c a

EP-=

(9)

L
fi+y

In bright sunshine days, when the radiation is high, a phenomenon of stomata closure appears, block leaves
evapotranspiration and explains a higher surface temperature. But for well irrigated trees, leaf temperatures are
close to air temperature because evapotranspiration is nearly equal to net radiation (11,12).

Outdoor thermal comfort
Most extant research on thermal comfort is confined to indoor conditions ( 13). However, some works as those
realised by Givoni (14), the University of Seville (15) and others on human-biometeorology (16) propose
strategies to evaluate this point outdoors. Some indexes can be defined resulting from an energetic balance of a
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subject. Results from simulations are air and surface temperatures, speed and direction of the wind flows. As
mentioned before, form factors are computed, hence the mean radiant temperature can also be estimated.. Only
humidity is imposed at the present time (value close to the one measured at the weather station). In this study,
calculations based on works presented during the Universal exposition of 1992 in Seville (15) are chosen. For a
certain revel of activity, regulating sweat rates are defined (60 gr/h for seated people and 90 gr/h for a walking
pedestrian). A map of expectable comfort zones can be obtained with this approach.
Case study

"La Place du Millenaire" is a large central street in the pedestrian axis of Antigone (Fig. 2), a district in the
downtown ofMontpellier (43° N, 4° E), designed by Ricardo Bofill in the late 1970's (17). The main dimensions
of this space are: 150 m in length, 50 m in width and 25 m in height. Cypresses and parasol pines are planted in
the site (Fig. 3). The comparison between the actual and the future situations in 30 years (trees growing from 8m
to 20m height) reveals changes in urban form (see Fig. 4 (18)).

1 Hi

.. IU.

r

l5mJ
Figure 2: Antigone (plan)

Figu~e

3: " Place du MiUenaire"

Figure 4: Trees now and
in 30 years

RESULTS
Climatic data have to be specified because they are used as inputs of simulations. To test the impact of
vegetation, a hot clear summer day has been chosen (July, the 51h 1998). Information is given by METEO France
· Montpellier (a weather station) and a north-north-east wind pattern (the more frequent wind direction) has been
kept. In this case, the wind is perpendicular to the "Place du Millenaire" and the meteorological mean value is
close to 5mls (at 10 meters above the ground).
To quantify the effect of the vegetation on the thermal behaviour of this open space, computations have been
realised from 8:00 till 18:00 (Solar time, add 2 hours for local time) for actual and future situations. A "no
vegetation" case has also been studied to emphasise improvements that can result from introduction of green
areas in a mineral place. So, in the following graph (Fig. 5), surface temperature changes are represented for a
central point of the site and compared to air temperature (measured at the weather station). In this mid-street
situation, some elements can be underlined. Actual trees have no incidence on surface temperatures during the
morning but induce a notable reduction of more than l5°C during the afternoon (disconnection between the "no
tree" and "trees now" curves). In the future situation, surface temperatures are always lower. Indeed, when a
patch is under the shadow of trees, his surface temperature is closer to air temperature. Results are also available
for all the points of the "Place" showing the influence of the trees in the various zones.
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Thennal coefficients used for the simulations:
K = I W.m-2.°C-1
Tin = 20°C,
bin = 9 W.m- 2.°C- 1
TIOit(-1 m) = 18 oc
Solar albedo= 0.5, emissivity : 0.9
~~ ..~ ,# . . .~ .~
. ~~ ~~ ~ ~~ ~~ ,.,f
n-

Fig. S : Surface temperature

Increases of the air temperatures in this urban environment are obtained by comparison to the ones measured at
the weather station. These results can be linked to studies on the 'Heat Urban Island' phenomenon (1,16,19 ).
For example at 14:00 the average air temperature simulated at 1 meter above the ground is 40 °C when there are
no trees, 38°C for the actual situation, and 34°C can be expected in the future case, for a measured temperature
equal to 33.1°C at the weather station. The first result indicates a 7°C difference and the one predicted by the
correlation formulated by Oke (eq. 10) for a HIL ratio equal to 0.5 is close to 5°C. This larger result is mainly
explained by the stationary calculation for the surface temperature which leads to overestimated values.
6Tu-r(max) = 7.54 + 3.97ln(HIL)

(10)

With the outputs of simulation, outdoor thennal comfort maps can be defined to locate the zones where problems
are expected. In the three following illustrations (Fig. 6, 7, 8), regulating sweat rates are computed at 10:00 (local
time) for people with a metabolic rate of I met (seated person) and a clothing insulation value equal to 0.6 clo
(light summer clothes). Impact of trees on thennal comfort is obvious with these simulations. Comfortable zones
are only located in the shadow of the wall in the "no tree" case (Fig. 6) and they are homogeneous on the all
place in the future case(Fig. 7) (black: below 60 g/h, grey: above 60grlh).

>

Figure 7: "Trees now"

DISCUSSION
Simulation tools have been used to estimate the responses of open urban spaces to climatic solicitations
assuming various hypotheses that have to be discussed. The main limitation of simulation at the present time is
due to a stationary calculation of the thennal balance but new implementations are in progress to treat this
problem. Calculation times for the CFD code have to be considered as another problem, even as computers are
becoming faster. A simplified thennal behaviour of trees has been implemented in simulations. Indeed, average
solar transmission through vegetation and evapotranspiration of trees are taken into account to simulate shading
effect and mitigation of the global surface temperature. Porosity and drag coefficient can be introduced to test
wind flow modifications (windbreak or channelling effect).
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CONCLUSION
The work presented here is considered as a first step in the modelling of outdoor microclimate. A methodology
has been proposed that links a thermal tool and a CFD model. This approach seems to be an interesting way for
solving precisely heat and wind flow problems. A comparative analysis has pointed out the impact of vegetation
on microclimate and on thermal comfort. The response of urban environments to climatic data can be modified
by controlling many physical parameters. This modest step to understand the complex thermal behaviour of
cities shows that numerical simulation is able to bring pertinent information to the design process.
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ABSTRACT
Solar ultraviolet radiation is associated with a wide range of human health problems including skin cancer,
cataracts, and immune deficiencies. The health risk of UV radiation is evident by the creation in many countries
of a UV Index to provide the public with an estimate of the risk for erythema (sunburn) each day. Trees
influence the amount of solar UV radiation that reaches pedestrians. In open tree canopies, where the spacing
between trees is equal to or greater than the width of individual tree crowns, the irradiance is strongly dependent
on the relative positions of the individual trees and the point of interest in or under the canopy. Prior studies
have shown that human-eye-perceived shade is a poor indicator of relative protection from UV-B irradiance.
Consequently, a three-dimensional model was developed to predict the UV-B irradiance fields in open tree
canopies. An evaluation of the model showed it was able to predict the relative irradiance (fraction of abovecanopy irradiance) under both sunlit and shaded conditions with a mean bias error of -0.02 and a root-meansquare error of 0.05. Applying the model to typical urban tree cover in residential neighborhoods suggests that
the UV -B exposure for children in neighborhoods of multiple family dwellings is twice that for children in
neighborhoods of single family dwellings.
INTRODUCTION
Solar UV at the earth's surface has many implications for human health. Erythema is ·caused primarily by the
UV-B portion of the solar spectrum (280- 315 nm) and to a smaller extent by UV-A (315- 400 nm). Sun
exposure has been found to be associated with non-melanoma skin cancers (squamous and basal cell carcinomas,
SCC and BCC) and cutaneous malignant melanoma (CM). There is some evidence of different relationships
with sun exposure (1), though both BCC and SCC are thought to be correlated with cumulative lifetime UV
exposure (2). Though medical opinions and epidemiological studies vary as ·to the relationship between sun
exposure and CM (3), the statement that "it is now well established that sun exposure is one of the probable
causes" (4) is generally accepted by the research community. These health effects may be exacerbated by
depletion of the stratospheric ozone layer and attendant increases in UV radiation. (5, 6). Skin cancer is
expected to increase by approximately 2% for every persistent I% loss in average ozone concentration (5).
However, the cancer increases are much larger than could have been caused entirely by increasing ultraviolet
radiation. Changes in habits of recreation, dress, and the increased value placed on a "tan" are evidently largely
to blame (7).
The human health impact of solar UV at the earth's surface depends on the environmental conditions as well as
human habits. Most people do not play out their lives in open fields but reside and work in environments in
which there is significant obstruction to sky and direct sun due to buildings and vegetation. Significant
improvements in the prediction of open environment exposure of surfaces at various slopes has been made in the
past 10 years (8, 9, 10). Prior studies have shown that the Ir (or relative irradiance) at pedestrian heights is
significantly influenced by canopies of vegetation and buildings (11, 12, 13). The influence of canopy structures
on irradiance in open tree canopies means that the canopy structure influences the UV exposure of people. Aside
from cloud cover, the view of the sky and the solar zenith angle (and corresponding diffuse radiation fraction)
are the primary factors influencing UV irradiance in open canopies at pedestrian heights (12, 11). Since the
climatic region, population density, and socioeconomic characteristics of the population influence the tree
canopy structure in urban areas, these factors also influence UV exposure. Tree cover of medium-size cities in
Texas, Ohio, California, Kansas, Alabama, New York, and Pennsylvania range from less than 10% to 37% (14,
15) while that for major cities such as Chicago is 11% in the urban center and approximately 20% in the
surrounding suburbs ( 16). For a given city, residential neighborhoods of 1-2 family homes had greater tree cover
(58% of available growing space) than neighborhoods of multifamily homes (tree cover over 35% of available
growing space) (15).
One approach to evaluating UV exposure by populations in different neighborhoods is to model the relative
irradiance as influenced by trees and buildings. This paper describes the development and verification of a 3-D
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model for use in predicting the UV-B irradiance in open tree canopies and applies the model to estimate
irradiance in urban and suburban areas based on tree cover.

METHODS
The model used here is an adaptation of a 3-D model to predict UV-B irradiance within and below vegetation
canopies (17). This model assesses the UV-B irradiance below canopies given initial sky conditions and canopy
composition and structure. The canopy consists of a finite number of 3-D geometrical bodies with the individual
plant sub-canopies (crowns) regarded as discrete scattering volumes of ellipsoidal shape. The model calculates
the irradiance at a point in the array of crowns with foliage in the crowns characterized by a single foliage
density p but with the possibility of defining individual crown dimensions. The approach for determining the
probability of a beam of radiation traveling un-intercepted from the beam's source to any given point in an array
of sub-canopies was first developed by Norman and Welles (18). In our model, the computation of the distance
that a ray passes through a discrete plant volume was calculated assuming all radiation sources are on a reference
plane above the canopy. The penetration probability of the direct beam and diffuse sky radiation through the
canopy is based on the Poisson distribution of canopy elements (leaves) in the crowns. The probability of
penetration of sky diffuse radiation was weighted according to the anisotropic sky radiance distribution for a
given angular direction. For cloud-free skies, the sky radiance is modeled according to Harrison and Coombes
(19) in the short-wave waveband (SW; 300-3000 nm), Grant et al. (20) in the photosynthetically active radiation
waveband (PAR; 400-700 nm), and Grant et al. (1997a) in the UV-A and UV-B wavebands.
For.translucent cloud cover, the sky radiance is modeled according to Coombes and Harrison (21) in the SW,
Grant et al. (20) in the PAR, and Grant et al. (1997a) in the UV-A and UV-B. For opaque overcast sky
conditions, the sky radiance is modeled according to Steven and Unsworth (22) in the SW and Grant and Heisler
(23) in the PAR, UV-A, and UV-B. The fraction of foliage area projected towards the radiation source was
defined according to a spherical leaf angle distribution. The incident (above-canopy) radiation was partitioned
into diffuse sky and direct beam radiation according to the radiation models of Bird (24) and Shippnick and
Green (25). In the model validation work presented below, the vegetation density of the crown was set to a high
value to effectively prevent penetration of radiation through the tree crown and only cloud-free sky radiance
distributions were used. Scattering was not included in the model because: 1) there was only a small amount of
reflecting surface not associated with the single tree used in the validation measurements, 2) crown p was set to
be opaque, and 3) reflections off the single tree were largely off shaded surfaces. The reflected energy off the
shaded vegetation surfaces is small in the UV-A and UV-B due to the typically low (5-6%) leaf reflectance in the
UV (26) and is small in the PAR and SW due to the low amount of available radiation for reflection off the
shaded surfaces resulting from the typically small diffuse fractions of cloud-free skies in the PAR and SW.

ValidatioTt measurements
The 3-D model was validated by comparing model predictions with broadband irradiance measurements made
under generally cloud-free skies during 17 measurement periods in the summers of 1996, 1997 and 1999 at West
Lafayette, Indiana, USA (40.5°N latitude). Below-canopy irradiance sensors were at a height of 1.4 m in
completely sunlit or completely shaded locations between 0.3 m and 11.6 m from a relatively isolated sweetgum
(Liquidambar styraciflua) tree that was part of an open canopy. A shaded location was defined as having canopy
biomass between the sun and the sensor position so as to minimize sunflecks on the sensors during the
measurement period. Above-canopy sensors were on a building roof with an unobstructed sky view within 150
m of the below-canopy sensors.
The irradiance measurements used in the model validation were made in four wavebands: SW, PAR, UV-A, and
UV-B. SW irradiance was measured using thermopile py.ranometers (spectral response bandwidth of 320 to
2500 nm). PAR irradiance was measured using silicon photodiode quantum sensors (response bandwidth 400 to
702 nm). UV-A irradiance was measured using filtered silicon sensors with a spectral response of 314 to 388
nm. UV-B irradiance was measured using filtered vacuum photodiode sensors with a spectral response of258 to
315 nm. In 1997 and 1999, the minimum erythemal dose (MED; 27) above the canopy was also measured on
the building roof using a UV-B filtered fluorescent phosphor sensor with a spectral response bandwidth of280 to
330 nm. All sensors were sampled at 5 to 30 s intervals for between 30 minutes and several hours per location.
Sensors were inter-compared and the recorded sensor response adjusted to provide equivalent response during
validation measurements. Temperature response corrections (28) were applied to the UV -A and UV-B
measurements prior to analysis. No corrections for the cosine response error of each sensor were applied due to
the complexity of the shade environment. Not correcting the UV-B irradiance measurements for cosine response
errors likely resulted in overestimates of the relative UV-B irradiance. All irradiance measurements were
nonnalized by the measured flux density at the above-canopy reference location plane parallel to the earth's
surface to provide relative irradiance (/,).
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Upward-facing hemispherical photographs of each measurement site were made using a Canon 7.5-mm lens.
Photographs were then analyzed using a grid with I 0° intervals in both azimuthal and zenithal directions to
determine total sky obscuration due to canopies for each 10° annulus. An area of the sky hemisphere was
defined as obscured if the sky was not visible at the intersection of the azimuthal and zenithal grid lines. The sky
view for the below-canopy measurement locations varied from 0.8 to 0.05.

Model application scenarios
The model was used to predict the relative UV-B irradiance (Ip) for horizontal surfaces on a person randomly
moving around in a modeled array of spherical trees. The Ip under cloud-free sky conditions was calculated at
the height of the crown base (assumed pedestrian height) for a regular 11 x 11 array of spherical crowns.
RESULTS AND DISCUSSION

Model Accuracy
Although the model was used in this study to predict relative UV-B irradiance, the accuracy of the model was
evaluated by comparing Ip to measured I, for all four wavebands and all 17 measurement periods. Atmospheric
conditions during the 17 model validation measurement periods varied widely: columnar ozone thickness ranged
from 265 to 341 Dobson Units, erythemal dose ranged from 4.2 to 0.8 MED (minimal erythemal dose)/hr, and
solar zenith angle ranged from 20° to 64°. The mean bias error of the model was -0.018 while the root-meansquared error was 0.049. The model error was greatest for intermediate values of I,. (Fig. 1). The variable
density of the tree crown and the deviation of the tree crown shape from the modeled ellipsoid resulted in a
larger fraction of sky penetrating through the oddly-shaped crown and making the measured values sometimes
greater than the modeled values. The modeled Ip tended to overestimate the measured I, at high solar zenith
angles. This was partly due to the decreasing ratio of direct beam to diffuse sky radiation with increasing solar
zenith angle and partly due to lack of correcting the measured values for the cosine response error in the sensor
response.

Model Application
Ip values for a generalized regular array of spherical trees were used to assess the effect of tree cover on areal
mean Ip. In general, the areal mean Ip decreased with solar zenith angle (Fig. 2). A first approximation of the
impact of tree cover on mean relative irradiance is that the relative irradiance is (1-tree cover). However, mean
Ip increased with tree cover at a rate slightly greater than -1 at low tree cover fractions and slightly less than -1 at
high tree cover fractions. Therefore, the addition of some trees to a barren landscape is quite effective in
reducing UV-B exposure. The shaded environments within the array typically had approximately 112 the mean
areal Ip of the whole spatial domain. Clearly,
0.15
significant exposure of pedestrians is likely
0
unless the tree cover is near canopy closure. The
'@
advantage of being in shade appears to decrease
0
with increasing solar zenith angle.
~ 0.00
To relate this to actual conditions, we assumed
that the area used by people is limited to the
available growing space and paved areas and that
the Ip of UV-B is representative of that for the
biologically-effective irradiance influencing CM.
The typical exposure of people in Dayton, OH,
USA (Latitude 40° N), based on the estimates of
tree cover in the available growing space of
various land uses (29) and a solar zenith angle of
30°, are listed in Table I . Two aspects of the
relationship between UV-B exposure and CM
incidence are evaluated based in the irradiance
estimates for Dayton.
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Firstly, it has been suggested that the likelihood for CM is greater for people working in an office envirorunent
than those working outdoors (30). This may be related to the findings that intermittent exposure to high levels of
UV-B exposure appear to be more important as a CM risk factor than cumulative long-term exposure
(Weinstock, 1993). What is the UV-B exposure of office workers when outdoors? Based on the mean
conditions described for Dayton, office workers out at lunchtime near the office or along the street are exposed
to approximately 80% of the irradiance above the city fabric (Table 1). Workers in Dayton can gain only
moderate reductions in exposure by spending their lunch hour in nearby parks. The greatest reductions in
exposure occur when the people stay in the shade -- reducing UV -B exposure by more than one-half (Table 1).
Grant (11) showed that greater protection can be had by people if they stay under the tree crowns, reducing I, to
approximately 10-20% when sky views were approximately 0.10.
Secondly, intense UV exposure during childhood is identified as a risk factor in the development of CM in adults
(30). Studies have shown that children in primary grades may receive greater UV exposure than those in
secondary grades·(32). Diffey et al. (32) attributed this difference in exposure to young children spending more
time playing outdoors in open areas. What are typical exposures of children playing around their homes? Based
on the tree cover estimates for Dayton, those children playing around residential areas consisting of l to 2 family
dwellings receiving approximately 112 the exposure of those playing around residential areas with multiple
family dwellings. With respect to UV-B exposure, children that typically play around 1-2 family residential
neighborhoods are less at risk for developing CM later in life than those children that typically play in the typical
park in Dayton.

Table 1: UV-B Exposure estimates for people in various parts of Dayton, OH, USA
Area of city

Mean tree cover . Average relative irradiance

Office areas
In parks
1-2 family residential
Multiple family dwellings

13%
27%
53%
29%

0.82
0.60
0.33
0.61

Average
relative
irradiance in the shade
0.38
0.30
0.14
0.26

It must be realized that the above estimates of exposure in various land uses do not take into account sky
blockage by buildings and therefore are overestimates for areas where the building density is high and building
wall reflectance is low. Further modeling is needed to account for building walls in estimating UV-B exposure.
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ABSTRACT
Greening of facades is a non-expensive option to increase the amount of vegetation in urban areas. Especially in
areas with dense settlement, the filtering effect of facade greening can improve urban air quality. In this paper,
results from field experiments and numerical simulations are presented. Using Atomic Absorption Spectrometry
the amount of heavy metals on leaf samples from seven houses in Dusseldorf (Germany) has been analysed. To
understand the dynamics of particle emission and dispersion inside the urban environment, numerical
simulations with ISIS Kfz [II] and ENVI-met [1, 2, 3] have been carried out.
It is shown, that the general mechanisms inside the street canyon and at the facade can be reproduced by the
model, but the model fails to calculate some detailed characteristics found at two houses in the field experiments.
INTRODUCTION
Greening the facade of urban buildings using climbing plants modifies the interactions of the building system
with the surrounding atmosphere. This could not only improve the outdoor or indoor climate but can also have
an effect on the distribution and accumulation of particles inside the street canyon due to filtering by the
climbing plants.
The Japanese Creeper (Parthenocissus tricuspidata) is an industrial resistant climbing plant with very little
pedochemical and pedophysical demands. It covers a facade with a homogeneous 30 to 40 em thick vegetation
pad with a height up to 15-20m.
To estimate the filtering effects of facade greening, it is necessary to study the relationships between the
accumulation of particles on the leaf surfaces and the local pollutant concentration fields inside the street canyon.
At different times within the years 1991-1997 at seven houses in the urban area of Dusseldorf (Germany) leaf
samples were analysed on the contents of several heavy metals (Cd, Co, Cr, Cu, Hg, Ni, Pb, Zn) using atomic
absorption spectrometry. In order to separate the amount of heavy metals absorbed by the leaf surface (airborne
immission) from those parts being extracted from the soil by the plant roots, different cleaning techniques have
been tested to extract the particles from the leaf surface.
This paper restricts to the typical urban heavy metals Lead (Pb) and Cadmium (Cd). These are typically released
by cars and other traffic and basically origin from different fuel and oil components. Another typical source,
especially for Cd, is the rub-off from tiers and brakes. In order to describe and understand the system of particle
emission, dispersion and accumulation in detail, some additional numerical simulations concerning the emission
rate and the dispersion of particles have been made with the model ENVI-met [1, 2, 3] and the results were
compared to the results of the field studies.
METHODS
a) Field Experiments in Dusseldorf, Germany
Leaves from the Japanese Creeper were collected from the facade plant cover at seven houses located in the
urban area of Dusseldorf (Germany) during the years 1991-97. Dusseldorf is located in the West of Germany
near to the river Rhine with winds typically coming from the WSW to SSW directions during the vegetation
period with a typical speed around 3.5 ms· 1 in 10m above ground over flat terrain [4].
The main differences between the seven house are the structure of the nearby buildings, the amount of the bypassing traffic and the orientation of the greened facade. These information is compiled in Table 1.
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Table 1: Structural data and particle emission-rate at the seven sites in Dusseldorf, where the sample
leaves were collected.
House I
Street
Hl

Area Structure

Semi open Settlement

H3

Very Dense Settlement
(Closed Canyon)
Open Settlement

H4

Open Settlement

H5

Industrial Use (dense)

H6

Dense Settlement,
(Closed Canyon)
Oeen Settlement

H2

H7

Daily Traffic Amount,
%Trucks
50 000 -55 000 veh/24 h
4.6 - 6.2 %
12 000
3.9%
1300- 1800
5.3%
21 000-22 000
6.9-7.1%
7700-8300
41.2-47.2%
8300
1.7-6.2%
Below 100, n. a.

Orientation
Street (Facade)
E-W (S)

Particle Emission
[J.Lg!s}
10.6

N-S (E)

2.2

NE-SW (SW)

0.3

NE-SW (NW)

4.6

ESE-WNW
(SSW)
SE-NW (SW)

5.1

W-E(W)

Not calculated

1.5

Figure 1: Leaf stripped with Polyvinyl-Butyrales (left), uncleaned leaf surfaces, June (middle) and
October (right)

Leaf cleaning experiments
In this investigation the total amount of heavy metals in uncleaned dried leaf material of Parthenocissus
tricuspidata was determined using Atomic Absorption Spectrometry. To prove the hypothesis that nearly the
whole content of lead and cadmium in the leaves comes from par1iculate air matter depositions, leaf cleaning
experiments were conducted. Because the airborne aerosol par1icles are not only adsorbed but also absorbed by
the plant cuticula the use of water as cleaning detergent on ly results unspecific effects. Fol lowing [5-9] the
leaves were cleaned with Alconox and EDTA solution and with chlorofom1. According to [6, 9, 10] a stripping
method was modified for deciduous woody plants. The leaves were covered by polyvinyl-butyrales in alcoholic
solvent (2-Propanol). After a drying time of maximal 6 hours the elastic lacquer-film was removed by the help of
splicing tape. The Alconox/EDT A and chloroform-cleaning-methods removed 40-80% of the Cd and Ph-content
of the leaves (samples taken in July). The REM-scans still showed rests of the aerosol and dust covers mainly on
the upper side of the leaves. The stripping method showed even better results: up to 90% of Cd and Pb could be
removed and the REM-scans showed totally clean leaf surfaces (Fig. 1). The dust and aerosol particles could be
comp letely removed, damages of the epidermis cells have not been found .
These results prove that most of the Cd and Pb found in the Parthenocissus leaves come from direct air-path
immissions (Fig. 1 and 2). For these elements it seems legitimate to accept the results of the total digestion of the
leaves as airborne immissions. All results for the cleaned leaf samples are close to or under the detection limit.
For the following analysis of heavy metals a simultaneous atomic absorption spectrometer (Perkin Elmer
SIMAA 6000) with Zeeman background correction was used (Detailed analytical infonnation on request).
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Figure 2: Lead and Cadmium concentrations in cleaned and uncleaned leaves during the vegetational
period

b) Numerical Analyses of the release and the dispersion of particles inside the street canyon
Two different models were used for the numerical analyses of the heavy metal emission and dispersion inside the
street canyon.
First, the emission of heavy metals by car traffic was calculated with model ISIS KfL [11). ISIS Kfz is based on a
complex database published by the Umweltbundesamt [13] which contains information about the emission of
different car engines with respect to driving mode, traffic flow and exhaust cleaning.
Unfortunately, Lead and Cadmium are not directly provided by ISIS Kfz, so that the emission information for
particles in general have been used. The data from the streets passing HI to H6 in Dusseldorf have been used to
calculate typical average particle emissions {Table 1).
The microscale climate model ENVI-met [1,2,3] was used to calculate the meteorological situation and the
particle distribution inside the street canyon located at H2. For a more detailed description see paper 'Simulating
mircoscale interactions in complex terrain [ICUCP03.0l) by the same author. The model was extended with a
mass-conserving particle dispersion model using the advection-diffusion equation

Here, u,v and ware the local components of the wind flow and Km is the turbulent exchange coefficient for mass.
Two additional terms are included to consider the influence of sources (Q. ) and sinks (S-.) on the concentration
field.
As only the general dynamics of particle distribution should be studied, the simulations have been carried out
with dimensionless emissions.
In this paper, the results from the simulations for H2 are shown. Two emitting line sources have been set in the
first grid above ground inside the main street canyon where H2 is located as well as in the crossing streets in the
1
North and the South to simulate the emission by cars. The dimensionless emission level was set to 1 Ps' , the
emission release begins immediately after the simulation start. The emissions were treated as an inert gas, no
sedimentation or deposition rate was applied. This assumption was used due to the lack of proper theories about
the behaviour of non-gaseous elements in complex flow fields and at plant foliages .

RESULTS AND DISCUSSION
Figure 3 shows the amount of Pb and Cd found in the total leaf mass at the different buildings in different
heights.
It can be seen, that the amount of absorbed mass correspond with the local traffic conditions and the building
density of the surrounding. H2 (and H5) show a local minimum of absorbed mass in 4 m above ground.
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Figure 3: Vertical distribution of the absorbed Lead and Cadmium amount found in the leaves at the
seven houses.

To understand these figures in more detail, model simulations have been carried out. First, the emission rate for
particles have been calculated with ISIS Kfz (see Table 1).
As expected, the street at Hl with the highest traffic volume also has the highest particle emission rate. The
second highest value can be found in the street at H5. Here the very high amount of trucks (41.2 - 47.2 %)
overcomes the low total traffic volume. The highest concentration of particles was found in the leaves from H2.
Although the emission rate is reasonably lower than at H4 and H5, the close street canyon captures the particles
and a recirculation leads to an increased concentration in the in-canyon air. In contrast, H4 and H5 are located in
an area with better ventilation due to lower buildings and less dense structures.
Looking at the vertical heavy metals concentration of the leaves from H2 and, less detailed at H6, it can bee seen
that there is local minimum of at the second level above ground (4.5 m). This effect was found for each heavy
metal and for each year of the analyses.
To understand the dynamics of the particle dispersion inside a closed street canyon, the canyon alon~ H2 was
analysed with ENVI-met more in detail. It was assumed that the wind comes from the SW with 3 ms· in 10m
height above flat terrain. Figure 4 shows the horizontal flow field and the normalised particle concentration in
2.4 m above ground. H2 is indicated with a red dot. Inside the canyon the wind is canalised into a street parallel
flow. At points with less high surrounding buildings, the wind above roof level with a SW orientation influences
the near surface flow. Maximum concentrations can be found near the crossings and between the higher
buildings of the street canyon.
Figure 5 shows the vertical flow field and the normalised particle concentration in a cross section along H2. It
can be seen, that the flow field inside the canyon is not totally canalised, because there is still a W-E component
in the flow. Together with Figure 4 the flow can be imagined as a giant screw with a general s-N orientation and
a downward component on the east canyon side and an upward component on the western side where H2 is
located.
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Figure 4: Horizontal flow and normalised concentration in 2.4 m above ground. White numbers are
building heights.
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Figure 5: Vertical flow and normalised concentration. Cross-Section at H2.

However, the simulated concentration fields along the wall of H2 shown in Figure 6 do not give a clue for
understanding the measured vertical concentration profile. It can be seen that there is a steep vertical gradient
below the 4 m level and a change to a quasi-linear concentration decrease with height above the 6 m level.
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If we assume that the deposition of particles ~n the 1eaf surface is linear to the concentration in the air near to
the wall, the normalised concentrations .can be interpreted analogously to the results from F.igure 3. It is obvious,
that the···results of the simulation does not match the results from the .field experiments. As the modehesults
agree with wind tunnel studies (e.g. [14]), the reason for the rapid decrease of accumulated .particles in the 4.5 m
level found at H2 and H5 -cannot be fmmd in the atmospheric part of the dispersion and accumulation process.
CONCLUSIONS
A very characteristic vertical distribution of accumulated heavy metals was found inside the closed street canyon
at H2. It was not possible to explain ·this distribution using .standard meteorological parameters .such as mass
concentration .or local wind speed. As the results are replicable for different years and seem to 'be typical for.a
closed canyon situation, further research, especially In the behavior of particles in complex flow fields and at the
plant foliage is necessary to explain the results found in the field studies.
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ABSTRACT

A high-resolution numerical model is used to estimate the microclimatic effect of introducing vegetation at street
and/or rooftop level. Results are presented to show the effect on a hot afternoon at a location in the inner
suburbs of Melbourne, Australia. The study shows that the addition of vegetation reduces temperatures and
wind speeds, thereby improving climatic amenity for pedestrians. Other environmental benefits of rooftop
gardens are discussed.
INTRODUCTION

When trees and soil give way to buildings and paved surfaces, the energy balance near the earth's surface
changes. Less incoming solar radiation is dissipated as latent heat and more goes into sensible heat. The resulting
rise in surface temperatures is one contributing factor to the urban heat island effect - an effect which is
particularly unwelcome in Australia's rather warm climates.
As the urban building density increases, the radiatively active surfaces moves upward towards the rooftops. In
densely built-up urban environments, roofs are the surface where most of the absorption, reflection and emission
of radiation takes place. It seems likely that changes in roof treatments can alter the local climate.
A considerable amount of work has been done on the impact of vegetation on urban climates (Akbari et al, 1997,
Finnigan, 1994). Urban vegetation is particularly beneficial in improving thermal comfort in hot dry climates
(Givoni, 1989). Large-scale planting has been shown to reduce urban heat islands (Akbari, Rosenfeld and Taha,
1990, Goward, 198 1). Studies of the micro-climatic effect of rooftop gardens have been largely descriptive
(Spiller, 1993).
The City of Port Phillip, where this case study is located, is an inner-city neighbourhood lying on the shores of
Port Phillip Bay in southeastern Australia (see figure 1). The study estimates the change in local climate
achievable at a specified site through:
1) adding rooftop gardens to all buildings (the green roofs case); and
2) combining rooftop gardens with street-level vegetation (the all-greened case).

\j
Figure 1 Location of the case-study area (the City of Port Phillip, Melbourne)
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The South Melbourne Market occupies most of a city block. The southern section of the Market building is 6m
high and the northern section is 4m. Surrounding buildings vary in height from 3 to 11 m. There is very little
vegetation in the study area. In the "all-greened" case, the asphalt parking lots to the W and SW of the Market
were planted with grass and trees; the roads around the market were nanowed to allow the add ition of a 9m wide
strip of grass, planted with a central row of trees (see figure 2).
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Figure 2 The Market (the large central building) and proposed tree plantings; strip of grass on roads not
shown.

METHODS

A three-dimensional non-hydrostatic urban climate model, ENVI-met, (Bruse and Fleer, 1998) was used to
simulate the microclimate of the South Melbourne Market and its immediate surroundings. The ENVI-met
model is able to simulate microscale interactions between urban surfaces, vegetation and the atmosphere. The
model input parameters used are shown in Table 1.
Table 1 Basic input parameters to the model

Location
Date, time of simulation
Initial wind
Boundary conditions
Grid size
Plants

Surfaces/soil profiles
Soil initial conditions

37.82 deg. S, 145.00 deg. E (South Melbourne)
23rct January; 1400 hours
3m/s at 1Om from 350 de g. (slightly west of north)
Temperature (at 2500m) = 293K
Specific humidity (at 2500m) = 3g/Kg
73 x 74 x 20; X-Y grid spacing, 3m; Z grid spacing, 2m
Trees in parking lots: 20m high, dense foliage, deciduous
Street trees: 1Om high, distinct crown, dense foliage , deciduous
Grass trip around Market, 9m wide.
Rooftop plants: 5-cm grass covering all building roofs. The Market building
roof has a 3m wide border of 2m high acacia bushes.
Asphalt road profile: asphalt to 60 em, then loam down to 2m .
Soil in parking lot: loam
Temperature (-2m) = 290K
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A hot day was chosen for analysis, because small increases m comfort deliver greatest health benefits m
thermally stressful conditions.
RESULTS
Reduced temperatures and wind speeds were observed due to the introduction of vegetation, with the greatest
reductions in the all greened case.
Selections from the voluminous model output are shown in figures 3, 4 and 5. Temperature and wind speed
values are differences from the ungreened (status quo) case for the same level and time of day. Green areas
indicate vegetation at this height; black areas are buildings. The horizontal views are cross-sections just above
the roof level of the Market bui lding. The cross-sections cut through the grassed roof of the southern part of the
Market building and are 2m above the grassed roof of the lower northern part (and therefore not shown green).
Influence on wind speed
As figure 3 shows, the maximum wind speed reduction just above market roof level is around 0.90ms· 1 in the
green-roofs case whereas in the case with maximum greening a reduction up to 1.30ms· 1 can be found. The
zones of reduced wind speed are mainly limited to the areas where the plants are placed. Due to the sheltering
row of street trees around the market, the wind speed in the case with maximum greening is a little lower across
the whole market platform. Inside the stand of tall trees on the western (left) side of the model domain, the trees
reduce wind speed inside the leaf layer but between the plants the wind is canalised and the reduction effect is
considerably less.

X(m)

X (m)

Figure 3 Difference in wind speed; horizontal section at 6 m above ground level. Left: Green roofs only.
Right: Maximum greening. Isoline interval 0.2 ms-1•

Influence on Air temperature
In general, a maximum temperature reduction of 1.4 K above market ground level in the green-roofs case and of
2.4 K in the all-green case can be observed (figure 4). The areas of local air temperature reduction are largely
restricted to the green roof locations and are advected with the main northerly airflow toward the south of the
area. Although this advection increases the area affected by the rooftop cooling effect, there is a clear area of
influence for each greened roof.
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By contrast, in the all-greened case, the reduction of air temperature is more uniform. There is a maximum
temperature reduction of2.4 K, south ofthe tall trees on the western side ofthe Market. Here, the cooling effects
of the rooftops and of the street-level vegetation combine to act as a single system.

X~

X~

Figure 4 Difference in air temperature; horizontal section at 6 m above ground level. Left: Green roofs
only. Right: Maximum greening. lsoline interval 0.2 K.

Figure 5 shows the vertical extension of the vegetation cooling effect. In both cases, the area of reduced air
temperature extends upward to around 42m above ground level. Little difference in vertical extent can be found
between the two greening scenarios. But in intensity, the all-green case shows an effective reduction in air
temperature up to twice the reduction of the "roofs only" scenario.

y (m)
Figure 5 Difference in air temperature. Vertical section running north south, 72 m from the western
boundary. Top: Green roofs only. Bottom: Maximum greening. lsoline interval 0.2 K .
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DISCUSSION
In centuries past, town dwellers were sheltered from the wind by closely spaced buildings of roughly uniform
height. Streets were narrow, as movement was mostly on foot. Our cities, with their· wider roads, varied building
heights and open parking lots, offer less wind shelter to pedestrians. As bricks and concrete have replaced
vegetation, the cooling effect of plants, through shading and transpiration, has been lost. This case study has
shown how addition of vegetation can improve climatic amenity for pedestrians, in an area which depends on
visitors for its financial survival.
In densely built-up areas where land is at a premium, rooftop gardens may be the only practicable way to
"green" the city. It has been shown that urban vegetation reduces the energy needed for indoor climate control
(Akbari et al, 1997). Vegetation is known to remove particulate pollutants from the air, by impaction on leaves
(Givoni, 1989). Urban runoff is greater than in rural areas, because of the city's impervious surfaces (Oke,
1987) and its quality is poor compared with that from forested areas (Duncan, 1999). Although not studied
here, it appears likely that rooftop gardens can reduce the amount of urban stormwater runoff by adding more
permeable surfac.es to the city and can improve the quality of runoff, by filtering runoff water through garden
soils. Because of its positive impact on urban climate, on energy use, on urban runoff and on air and stormwater
quality, it appears likely that, if introduced on a wider scale, rooftop greening could reduce the ecological
footprint of our cities. Some German cities already have by-laws requiring new industrial buildings to
incorporate rooftop gardens: plaMers in other cities may like to consider the advantages of "gardens in the sky".
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NUMERICAL MODELING OF EFFECTS OF VEGETATION IN URBAN AREAS
Jianguo Sang
Department of Geophysics, Peking University, Beijing, 100871, China

ABSTRACT
A three-dimensional numerical model equipped with an energy balance scheme was used to study the potential
impact of trees planting on the thermal environment of a street canyon. A series of numerical experiments with
different kinds of trees, positions of tree rows, width of street, size and height of buildings as well as different
atmospheric conditions was carried out to simulate the complex processes taking place within the buildingatmosphere-vegetation system of the canyon. These studies showed that tree planting on street exerts obvious
influences on the temperature field near the street surface, but played a minor role on the thermal structure of the
urban heat island.

INTRODUCTION
The aim of the present study is to evaluate the effects of trees planting on the thermal environment of a street
canyon. Tree planting has important roles on microclimate of the street canyon. Trees at the center or sides of the
street absorb dust and pollutants, may reduce noise in the adjacent area, minimize the effect of solar radiation,
reduce albedo, and create shadowed space. Consequently tree planting increases the comfort of the pedestrians as
well as the aesthetic appeal of the city.
However the kinds of trees, position and density of tree planting may exert different influences on the street
thermal performance. Quantitative evaluation on the roles of the vegetation in the street is one of the tasks of
urban climate studies.
Numerical simulation is an effective method of understanding the complicated mechanisms in urban street
canyon {I), (2). In this study, a simple canyon geometry model with a simple biosphere scheme was developed
to simulate the flow and temperature fields in an urban street canyon and the effect of trees and vegetation on the
thermal environment was emphatically investigated.

URBAN CANOPY MODEL
An urban canopy layer model was developed. The dynamic submodel is a three-dimensional Boussinesq system.
The thermodynamic submodel is designed to calculate the energy balance on all the facets, of which the canyon
consists. These facets are the walls and roofs of buildings, the ground surface around the building and the street
surface. These horizontal and vertical surfaces manifest the essential three-dimensional nature of the urban
canyon.
The canyon model assumes two buildings on opposite sides of a street, no window or interior anthropogenic heat
source, and it is a long east-west oriented canyon. These two buildings are the same shape and size with the
length of 130m, width of 30m and height of 60m. The width of the street is SOm. The geometry of the canyon is
shown in Figures 1 and 2.
As treated by Tetjung and Louie (3), (4), and Vu and Ashie (5), the temperatures, T 5, on the surfaces of wall,
roof and ground are computed by the heat conduction equation,

aTs =~(K. aTs

at

axj

I

axj

J

[1]

where xi is the coordinate in the direction normal to the surface considered, Ki the thermal diffussivity of the
materials in Xi direction. The energy budget on the surface can be expressed as

aT

[2]

-K-' =Q+H+LE
axi

where HandLE are the sensible heat and latent heat flux, respectively, Q the net radiation to the surface.
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In the calculation of Q the geometry of the canyon must be considered. For instance, the net radiation on a
concrete wall without windows can be expressed
(3]
where Ra.v is the longwave radiation from the environment, <XL the absorptivity oflongwave radiation ofthe wall
surface, a the Boltzmann's constant. The longwave radiation by the environment,~••• might be calculated as
(4]
where £8 is the emissivity of the air, T8 the air temperature, 'ljl slcy,wall the view factor from the wall for the sky,

Est

the emissivity of the street, Tst the temperature of the street surface, 'ljl st,wall the view factor from the wall for the
street surface, ewa11 and T wall are the emissivity and temperature of the wall of the opposite building, respectively,
and 'ljl wall,wall the view factor from the wall for the opposite building.
The first term on the right-hand side of [3] is the shortwave radiation to the wall surface. I is the direct solar
radiation and as is the albedo of the wall. Dis the diffused solar radiation,
(5]
where Ds1cy is the diffused solar radiation from the sky, Ih the direct solar radiation to the sunlit street surface, as.
the albedo of street surface, and 'ljl s1cy ,st the view factor from the street for the sky.
The sensible heat flux, H, between the wall and the air is calculated as

[6]
where he is the empirical convection coefficient,

where u is the horizontal velocity of the canyon air close to the wall. The flux on the horizontal street and roof
surfaces are calculated as commonly

Where Cn is transfer coefficient, u is the wind speed near the grid point.
The wall and street surfaces are assumed to be dry and waterproof, therefore the latent heat flux LE=O on the
wall, roof and street. However, if there are trees on the street the evapotranspiration from. tree leaves and the soil
under the tree canopy must be considered. A simple vegetation-soil-atmosphere interaction model (6) similar to
NP89 (7) was developed to simulate the sensible and latent heat fluxes, the radiation budget and the soil heat
flux. The transpiration from the tree canopy is

Etr = pveg qsat (T,)- q.
r. +rs

[7]

where veg is the vegetation cover, r, the aerodynamic resistance, rs the surface resistance, which is related to the
stomatal resistance of the canopy through the leaf area index, LAI.
The bare soil evaporation under the canopy is written as

where Hu is the relative-humidity related to the near-surface volumetric moisture content, assumed to be 1.
The computation domain is 2000x2000x 150m with grid intervals of 5m in both the horizontal and the vertical as
shown ·i n Figure I.
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RESULTS
A number of case studies with different shape of the canyon and different inflow conditions have been
conducted. Since the space is limited only two cases are presented.
In Case 1, there are not trees on the street. The roof and walls of the building are covered with light-colored
concrete with albedo of 0.35. The street surface is paved with asphalt with albedo of 0.2. The inflow boundary
conditions are assumed as a neutral airflow with the direction of north and the speed profile of

v = l.O(z/10) 0· 14

(m/s)

The simulation started at 0600 a.m. on a sunny summer day, for instance 20 July, at middle latitude, for instance
40°N. The integration of the model lasted until 1400. Figure 1 shows the flow field simulated in the vertical
cross-section through the north-south central line at 1200. Figure 2 shows the horizontal distribution of flow field
at the height of 5m, near the level of pedestrians.
It can be seen that the north wind impacts against the windward surface of the north building and produces a
stagnation point at the height of about 30m. The airflow diverges from the point. Above the point the flow passes
over the roof. While below the stagnation point air streams down and an upstream eddy forms.

In the street canyon area the flow skims over the roof level and a vortex circulation occurs between the two
buildings. The center of the vortex is located at the height of 45m. The vortex gives a return flow near the street
ground. Leeward of the south building a small lee eddy takes place near the ground. In Figure 2 there are three
calm zones: the windward side of the north building, the street canyon and the 1eeside of the south building. At
the east and west sides of the two buildings, the flow passes around the buildings to produce so-called comer
streams.

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

7.00 8.00 9 .00 10.00

Figure 1: Flow field simulated in the vertical crosssection at 1200.

Figure 2: Flow field at the level of Sm.

Figure 3 shows the temperature distribution on the vertical cross-section. For convenience the isolines of
temperature, t, are illustrated as t-25°C. The highest temperature with the value of about 32.5°C in the canyon
occurs at the north side of the street near the ground surface, while at the south side the temperature is 29.5°C
since the surface is shaded by the building to the south. At the higher level of the canyon close to the south wall
the warm area extends to the height of about 1OOm or so by the updraft current, while in the shady area the
downdraft makes a cold advection. Figure 4 is the horizontal distribution of the isotherms at the height of Sm.
We may see the thermal environment for the pedestrians in a street without trees. The isotherms present parallel
lines with the values decreasing from north to south side.
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Figure 3: Temperature distribution simulated in the
vertical cross-section at 1200, in Case 1 without
trees planting

Figure 4: Temperature distribution at the level of
Sm in Case 2

In case study 2, two rows of trees are set up at the north side of the street. Each row occupies one row of gridmesh points. The trees are assumed to be like poplars with vegetation cover veg=0 .9, leaf area index LAI=3.0.
The soil is saturated with Hu= 1.
Figures 5 and 6 show the temperature distributions in the cross-section and in the level of Sm. It can be seen that
the air temperature in the area of trees planting decreases by 2 to 2.5 °C than that without trees in Case 1. The hot
area in the north side of the street shrinks. As shown in Figure 6 a low temperature belt appears in the street.
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Figure 5: Same as Figure 3, but for Case 2 with
trees planting.

Figure 6: Same as Figure 4, but for Case 2.

DISCUSSION
Numerical experiments above show that trees planing in street may reduce the temperature at the level of
pedestrians. However it exerts little influence on the thermal structure at the higher level, for instance the level
above 1OOm. Thus single or double row of trees in the street can hardly alter the intensity of the urban heat
island.
From the studies above we have seen that numerical modeling may illustrate the effects of vegetation on the
microclimate of the urban canyon. It could be a useful approach for the planning and designing of tree planting
in an urban area.
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EFFECTS OF HEAT SOURCE LOCATIONS AND
BOTTOM OPENING SIZES ON NATURAL VENTILATION
Z.D. Chen, Y. Li and J. Mahoney
Advanced Thenno-Fluids Technologies Laboratory, CSIRO Building, Construction and Engineering
PO Box 56, Highett, Victoria 3190, Australia
ABSTRACT

This paper presents several interesting buoyancy-induced natural ventilation phenomena, when heat source
locations and bottom-opening sizes are varied in a single-zone building with two openings. These phenomena are:
(1) for natural ventilation induced by a vertical wall source, three-layer stratification exists in some experimental
conditions; (2) for a point source, when the effective opening size remains the same, a high interface level can be
achieved with small bottom opening sizes; (3) an additional point source in the upper stratification layer has
negligible effect on the stratification interface height; and (4) for a line source, the stratification interface level is
higher when the source is located near a vertical side wall than when it is centre-located. Possible explanations for
these phenomena are also given.
INTRODUCTION

Natural ventilation has become an increasingly attractive method for maintaining a healthy and pleasant indoor
climate in buildings. However, due to diversity in building designs, along with complex influences from local
climate and surrounding structures, a deep understanding of the mechanisms of natural ventilation systems is
required in order to achieve an efficient design and effective control of airflow. Compared with full-scale
modelling and CFD modelling, laboratory small-scale visualisation and modelling is, so far, a widely used and
cost-efficient approach for understanding and evaluating various natural ventilation systems.
·
Linden and his co-workers carried out the most comprehensive small-scale modelling work using salt-bath
systems (1-3). Their research covered the topics of natural ventilation flows induced by a single point, a single
line, a single vertical line, two-point and multiple point buoyancy sources. Recently, Chen et a/. (4,5)
investigated the stratification induced by a single point, a single line and a vertical wall source using a recently
developed fine-bubble modelling technique. These studies enabled an increased understanding of the natural
ventilation processes. However, the influences of many parameters, such as the geometry of the buoyancy
sources, and the locations of the buoyancy sources in relation to openings, and the combination of different
buoyancy sources, have not been investigated so far. Therefore there is still much room for improving building
ventilation by optimising these factors.
In this work, preliminary small-scale modelling experiments were carried out for displacement natural ventilation
flow in a single-zone building using the fine-bubble modelling technique. Attention is focussed on parameters which
have not been investigated by previous researchers, such as the effects of the locations of the sources and the
influence of the bottom opening size and additional buoyancy source, etc. Several interesting phenomena are
reported and discussed.
FUNDAMENTALS OF DISPLACEMENT NATURAL VENTILATION

For displacement ventilation in a single-zone building with two openings, as shown in Figure 1, a buoyancy
plume entrains the air around it and rises towards the ceiling. The light air in the plume, upon reaching the
ceiling, will spread towards the side walls and descend between the side walls and the plume. This results in the
fonnation of an upper layer of light air in the building. The pressure differences between the air in the building
and that outside induce air exchange through the bottom and the top openings. Light air in the upper region flows
out through the top opening and dense fresh air is entrained into the building via the bottom opening. When a
steady state is reached, a constant level of stratification will be established between the dense fresh air and the
light upper layer, as shown in Figure I. Considering that the upper layer is mainly the "old" room air (and may be
polluted), it is crucial to keep the stratification interface above the level of human activities.
Assuming that there is no fluid exchange across the stratification interface outside the plume, the flow rate in the
plume at the interface level should be equal to the flow rate through the two openings. We first consider the
displacement ventilation induced by a point source. For a two-layer stratification induced by a point source, the
conservation of volume flux and Bernoulli's theorem can be expressed by the following two equations:
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Q=ulal =u2a2
(p-l1p)ut
2c1

[1]

+ pu~ =l1pg(H -h)

[2]

2c2

Figure 1: Schematic view of displacement natural ventilation in a single-zone building.

where u 1 and u2 are the flow velocity through the top and the bottom opening respectively; a1 and a2 are the top
and the bottom opening sizes; c1 and c2 are the corresponding discharge coefficients; H is the height of the
building; h is the interface height above the floor level; and g is the gravitational acceleration. Considering that,
in practice, the density deficiency in the upper layer tlp is much smaller than the density of the ambient fluid p,
the volume flux, Q, driven through the openings can be obtained:

Q =A* (g'(H- h))
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Here, A. is the effective opening area A*= a 1a 2 {
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and g' = l1pglp is the reduced

gravity for the fluid in the upper layer. By assuming complete mixing in the upper layer, Linden eta/. (l) gave
the following turbulent entrainment flux Mat the interface level and the reduced gravity in the upper layer for a
point source:

M =c(Bh 5 )
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and a is the turbulent entrainment constant.

By matching the flow rate in the turbulent plume and that .through the openings due to the upper light layer,
Linden et a/. (1) obtained the following expression for the stratification interface height induced by a point
source:
A*
}:S
-=Cm(_.,_)lt2
[6]
H2
1-;
where;= hiH is the non-dimensional interface height.
Similarly, for a line source and a vertical wall source, the following expressions were obtained by Linden eta/.
(1) and Chen eta/. (5) respectively:
•
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where AL• is the effective .opening area per unit length; D = (2a) 213 and F
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From Eqs (6}-{8), it is seen that the interface height is exclusively determined by the geometrical parameters of
the building and independent of the strength of the buoyancy source. This has been confirmed by Linden et a/.
(I) using a brine-water modelling system and also recently by Chen eta/. (4,5) using the fine-bubble modelling
technique. Equations (6}-{8) also indicate that the stratification interface height may be independent of the
locations of the buoyancy source as well as the locations of the openings. However, since the above theory
simplified the real ventilation flow in the building, any derivations from Eqs (6}-{8) need to be verified against
experiments.
EXPERIMENTAL
The main idea of the fine-bubble modelling technique is using fine bubble-generated buoyancy plumes in water
to simulate the thermal buoyancy-driven flows in buildings. Figure 2 shows a schematic view of the experimental
system used in this work. The system consists of the following five components: an inner tank; a large tank; a
copper wire cathode; a graphite anode; and a DC power supply.
The inner tank, which represented a single-zone building, had dimensions of 0.2 m (long) x 0. 1 m (wide) x 0.2 m
(high). Thirty-two holes of 15 mm diameter were evenly distributed in the bottom floor of the inner tank. Thus,
the bottom opening size can be varied by opening or closing certain numbers of these holes. Figure 3 shows the
four bottom opening modes used in this work. On the top of the inner tank, there was a sliding lid to adjust the
top opening. The inner tank was situated in a large tank with a clearance of 65 mm above the bottom floor of the
large tank. The large tank, with dimensions of0.9 m (long) x 0.345 m (wide) x 0.45 m (high), represented a static
environment surrounding the building. In order to increase the electrical conductivity, salt-water solution with a
salt content of3.0 wt% was used as the fluid media and the liquid height in the large tank was 430 mm.

Figure 2: Schematic view of the experimental system.
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Figure 3: T he four bottom opening modes used in this work.

In this work, displacement ventilation in a single-zone building was investigated by using two point sources with
the diameter of 19 mm and 30 mm, a horizontal line source with a dimension of 85 mm (wide} x 10 mm (long)
and a vertical wall source of95 mm (wide) x 200 mm (high). The point sources were made of0.5 mm diameter
copper wires while the line source and the vertical wall source were made of 0.9 mm diameter copper wires.
Except for the cases specified, the point sources and the line source were located at the centre and the central line
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of the inner tank. The vertical wall source was attached on one of the side walls of the inner tank. During
experiments, the buoyancy source (the cathode) was connected to the negative pole of the DC supply to generate
fine hydrogen bubbles in the inner tank (the building), as shown in Figure 2. The anode was made of a graphite
plate with dimensions of 10 mm (wide) x 8 mm (thick) x 60 mrn (long).
The total buoyancy flux B, which represents the strength of a buoyancy source, was evaluated as B = gQg(p pg)lp. Here, pg and p are the densities of hydrogen gas and the salt-water solution respectively. The gas flow rate,
Qg, from the cathode was obtained by measuring the current flow through the system. The average height of the
stratification interface was measured by two rulers attached to the front wall of the inner tank.

RESULTS AND DISCUSSION
Visual observations
After switching on the DC power supply, fine hydrogen bubbles rise and form a buoyancy plume in the inner
tank. The bubble plume entrains fluid during its rise to the upper section of the building. After reaching the
ceiling, the light fluid in the plume spreads towards the sidewalls and descends between the side walls and the
plume. When a steady state is reached, a two-layer stratification is established between the bubbly upper layer
and the clear lower layer. Figure 4 shows typical two-layer stratifications induced by the point source, the line
source and the vertical wall source respectively. Table 1 lists the parameters involved in these three cases. The
four different bottom opening modes are shown in Figure 3.

It should be noted that in Figure 4c, there is an additional weak stratification in the upper layer, which slightly
declines from the left to the right, as indicated by the two arrows. Unlike the point and the line source, in the case
of a vertically distributed wall source, there is a possibility of additional stratifications being formed in the upper
layer, since the buoyancy source above the interface may induce further stratifications. Chen eta!. (5) proposed a
simple theory and obtained Eq. (8) for predicting the depth of the bottom layer. However, at this stage, it is still
not clear how many stratification layers a specified system will have, nor how deep each layer will be (except the
bottom layer).

Point source, influence of bottom opening size
Figure 5 shows the experimental results of the stratification interface height for the point source with different
bottom opening mode. The experimental data of Linden et al. (1) obtained using salt-bath modelling systems and
the theoretical predictions, i.e. Eq. (6), are also included for comparison. The values of c1. c2 and a used in this
work are 0.61, 0.61 and 0.102 respectively. It is seen that the experimental results obtained in this work are
generally in agreement with the theoretical predictions and the experimental data of Linden et a!. ( 1), considering
the different model geometry and modelling technique used.

It is also seen that the bottom opening size has significant influence (up to 30---40%) on the stratification interface
height. The interface is higher for small bottom openings. It should be noted that the data by Linden et a/. ( 1) also
shows similar variations at a fixed effective opening. Unfortunately, the individual bottom opening sizes have not
been reported in the paper by Linden et al. (I). In Linden's theory, the upper layer is assumed to be fully mixed
and the pressure drops in the building are assumed to be exclusively caused by the top and the bottom openings
(refer to Eq. (2)). Considering the complex flow patterns and turbulent dissipations in the building, discrepancies
between the experimental results and the theoretical predictions are not surprising.

(a)

(b)

(c)

Figure 4~ Stratification induced by fine hydrogen bubble plumes in a single-zone building with two
openings: (a) point source; (b) line source; and (c) vertical wall source.
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Table 1: The parameters involved in the three cases shown in Figure 4.
Upper opening size

Sources

Bottom opening mode

a 1 (cm 1)
Point source (4a)
Line source (4b)
Wall source (4c)

3

3
3
4

5
I

Buoyancy flux
(cm4s-3)
114

114
456

Point source - influence of an additional point source in the upper layer
Figure 6 shows the experimental results for the interface height caused by the large point source with a source
4
strength of 114 cm s-3, when the small point source was located in the upper layer. The sources were all located at
the vertical centreline of the inner tank. The small source is 125 mm above the bottom of the inner tank to ensure that
it was in the upper layer. The bottom opening is mode (Ill) and the top opening size was in the range of0.5- 7.5% of
the total ceiling area.
Since the additional source is in the upper layer, it should have little or no influence on the entrainment in the
bottom layer. On the other hand, the additional density deficiency in the upper layer due to this additional point
source should result in the reduction in the upper layer depth. Consequently, a high interface level should be
expected. Although slightly higher interface levels were obtained for the case with the additional source, Figure 6
generally suggests that the influence of the additional source is small in the range covered by the present
experiments.
If we again assume that the upper layer is fully mixed, then the reduced gravity in the upper layer is:

g' = c-1

(B2 (1 + A)3 h -s )'13

[9]

where A is the ratio of the strength of the upper buoyancy source to that of the bottom one. Combining Eqs (3),
(4) and (9), the following expression can be obtained:
[10]
From Figure 6, it is seen that in the experimental range of A S 1.5, the predictions generally overpredict the
influence of the additional source in the upper layer. This might be because full mixing in the upper layer cannot
be achieved in real situations. Further investigations are needed for a satisfactory explanation of this
phenomenon.
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Line source, influence of the side wall
Figure 7 compares the results of the interface height when the line source located at the centreline of the inner
tank (bottom opening mode (III)) and those when the line source was attached on the left lower comer of the tank
(bottom opening mode (IV)). It was found that the results obtained for the line source located at the centreline of
the inner tank are in good agreement with the theoretical predictions, Eq. [7], and the experimental data of
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Linden et a/. (l) considering that different modelling techniques and different model geometry were used.
However, when the source is located near the side wall, the interface is significantly high compared to that
without the wall effect.

As shown in Figure 8, when the line source is attached on the side wall, the mirror effect of the wall effectively
doubles the source strength and the effective opening size. From Eq. (7), the interface height with side wall effect
can be obtained by the following equation.:
[ll}

0.8'

. - - - - -- - ---=:::o----.

0.7
0.6

--------*--------t
--~----~

~

lt

, ...- - - - - -

l~
t

0.5

~ 0.4

o Without Wall E.ffect

0.1

0.2

0.3

.

.·-· +-------------t----'
~

l

-Theoretical
-Predictions,
Effect
0.__ _.._
_ _..___ Wall
_..__
_ __,
0

.
\

~----------- ------- --l

,. With Wall Effect
• Underr et al, 1990

0.3
0.2
0.1

:......
.............

0.4

~

I·

Figure 7: The influence of a nearby
side wall, the fine source.
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As shown·in Figure 7, the experimental results are in good agreement with the theoretical predictions ofEq. [9].
From the present work, it is seen that there are still a number of problems needing solving in the area of natural
ventilation of buildings, even for simple cases in a single-zone building induced by simple buoyancy sources. It is
suggested that a combination of CFD numerical modeiiing, theoretical analysis, experimental modelling (scale
models), and full-scale measurement will lead to a better understanding and optimisation of various natural
ventilation systems.

CONCLUSION
Experiments were carried out for displacement natural ventilation in a single-zone building with two openings
using a recently developed fme-bubble technique. Several interesting phenomena were identified, which are of
importance for optimising natural ventilation systems, viz.: (1) for natural ventilation induced by a vertical wall
source, three-layer stratification exists in some experimental conditions; (2) for a point source, when the effective
opening size remains the same, a high interface level can be achieved with small bottom opening sizes; (3) an
additional point source in the upper stratification layer has negligible effect on the stratification interface height;
and (4) for a line source, the stratification interface level is higher when the source is located near a vertical side
wall. The reasons for the first three phenomena are still not clear and further investigations are needed.
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STRATEGIES OF CLIMATIC ADAPTATION THROUGH TIME
Amar Bennadji And Jean Louis Izard
Ecole d'Architecture, 84 Avenue de Luminy, case 924, 13288 Marseille Cedex 09.

ABSTRACT
The main objective of this paper is to present the solar problem and some strategies of climatic adaptation,
especially in arid zones. These strategies deal with traditional and contemporary architecture, taking into
consideration users' climatic comfort. It is not a matter of preferring some solutions to others. In fact, in terms of
urban and architectural design, many factors should be taken into consideration. Thus the adoption of a particular
solution could prevent the final goal to be properly completed.

SHADEOFURBANFRAME
This is a covering of urban using a frame: flagstones, galleries or passages underneath a building, covered streets.

Traditional street covered with branches of palm tree,
South of Morocco, lane with solar protection.
Although the system is in bad condition, it indicates a
rational know-how.

Contemporary street covered with masonry, Al-kindi
Plaza, protection of lanes with masonry elements which
are part of the frame (3, p. 97).

Traditional street covered with fabric . Seville, during Contemporary street covered with fabric. The coverings
the hottest days of summer, some commercial streets made in fabric can be installed in summer and removed in
winter. The cost and the technical simplicity make them an
are transformed into dark and cold tunnels .
effective alternative. Riyadh Saudi-Arabia (3, p . 95) .
Ref: Rudofky, 1977, p. 182.

Universal Exposition 1998, Lisbon in Portugal.
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THE PARASOL ROOFS
The calculation of the solar permeability showed that the terrace roof is often the wall that is the most permeable
in the building. The diminution of this permeability can be achieved by a direct thermal isolation of the covering.
Other architectural techniques permit the shade of the terrace roof, as for example the parasol roofs. The
disposition of the plates permits to avoid the solar radiation (principal cause of the hotness in the building).
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Traditional urban architecture. This sumptuous
interior is part of the ancient castle of Emperor
Charles Quint at Fuenterrabia in Spain. The ceiling
rising to the infinite is a symbol of the high scale
architecture.
ref: Rudofky, 1977, p. 215 .

Contemporary urban architecture, Riyadh, SaudiArabia, the foreign Affairs Ministry. In the
architecture of prestige, the ceiling merges with the
sky (3)

Traditional parasol roof, the parasol roofforn1erly
used in the houses. The techniques do not permit to
achieve ranges as high as the roof., Alhambra,
Grenada, Spain.
ref : Barrucand M, 1992, E· 209.

Contemporary parasol roof, the Roof Roof House,
Kuala Lumpur, Malaysia.
ref: Contemporary Asian Architects, 1987, p. l 09.

Universal Exposition 1998, Lisbon in Portugal.

VENTILATION

Ventilated Walls
The role of the frontage as an envelope of the building, in the arid zone, is "to moderate the caloric diurnal
effects caused by the external air and the solar radiation on the structure and the inside of the building" (5).
This strategy consists of:
•
•
e-

Shade the maximum of external surfaces and their openings as well,
Isolate (thermally) the internal spaces,
Decrease the internal profits (9).
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0

Traditionnal ventilated walls, Nigeria,
ref: A.P.Clark, 1995, p. 97

' ·'

Contemporary ventilated walls, Nigeria,
ref: Parajd, 1988, p. 85

Shades ofplants
Shades of plants can be divided into three categories:
•
•
•

Trees of high stem,
Trees of small dimens ion and density,
Trell ised vineyards.

Plants have always been a source of freshness and
shade, Iranian village,
Ref: Khansa ri M. 1986, p. 11.

Contemporary covering of plants, the Bowes, the
best covering of plants,
ref: Sala M , 1998 , p. 206 .

TREES OF HIGH STEM
Trees of high ad ul t stem with den se foliage produce a powerfu l microc limate when they cover the whole urban
space. Their foliage average temperature is lesser than the air temperature "under shelter" . This effect is
explained on the one hand by the evaporation-transpiration and on the other hand by the division of the solar
radi atio n flo w on a large surfac e. The fo li age behave as a "cold cei ling". T hi s so lution is the most efficient one in
order to fight against the dihedral effect.

South frontages of Cours Mirabeau, Aix-en-Provence, France, suppression of flow reflected the vertical walls.
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TREES OF SMALL DIMENSION AND DENSITY
If the trees are of small dimension (or during the youth of trees of high stem), we can't rely on the shade effect,
which covers only a small area. There is no global effect.
·•.·•....:_ .

~~. >:2f;·! ~· : ~ -~
;

I

.

I

Al-Kindy Plaza, Riyadh, saudia Arabia (3, p. 182)

TRELLISED VINEYARDS
The trellised vineyard is used in small pedestrian areas; it can expand from a frontage to another and deploy a
shade rate near to the unity.

Trellised vineyard in Athens, covering of plants and solar protection.

REDUCING THE OPENINGS
The solar permeability showed that the windows are more pem1eable than the walls . Reducing the openings
become a necessity. In the arid zones, which have been studied, there is no lack of sun. Reducing the openings
has, thus, no effect on the lighting. Smallness of the opening in hot zones . As the above building shows, reducing
the opening pem1its to reduce the inputs of energy caused by the solar radiation.

Al-Kindy Plaza (3, p. 120)

CONTROL OF AIR MOISTURE
The objective of controlling the air moisture is to humidify it.

USING WATER
Another solution is to keep the surface exposed to the solar energy wet. Indeed, the energy needed to evaporate
the water on the surface represents a large amount of the coming solar energy. We can easily perceive this
phenomenon when we walk along a beach and go from the dry hot sand to the wet cold one.
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WATER SCREEN

Water Screen, Universal Exposition 1992, Seville, Spain
WATER JET

It is also possible to use mini water jets directly on the surface coating. Following is a set of mini water jets laid
out in quincunx.

-·- -- -Mini water jets
THE BRUMIFICA TION

The brumification is a mean to humidify the air when it becomes too dry. The brumification consists of
vapourising microscopic droplets in the air, which can be compared to those found in the fog. The dissipation of
this fog requires large amounts of energy, which can only be found in the ambient. At the end we recover air
which is more humid and fresher. This technique permits a large precision w.r.t. the localisation of the effects .

The brumification, Universal Exposition 1998, Lisbon in Portugal

THE CASCADES

Another solution consists of a cascade in a suspended basin, which falls brutally on hard ground produces spray
also.
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Cascade, Madrid Spain, The drawback of these cascades is that for a walker, the sound effect is often high.

"'

Cascade at Al-Kindi Plaza in Riyadh, Saudi Arabia. (6, p.81)

CONCLUSION
The observation of the traditional architecture is very instructive for an architecture that aims to establish new
relationships with the resources and technical means of the modern man. However, the blind transposition of
traditional forms leads to maladjustment with the contemporary architecture. The main options that are currently
available consist on one hand of minimising the energy consumption within a building and on the other hand to
promote sustainable materials. "Think globally, act locally", is the slogan that preceded the "sustainable
development" and that tries to propose concrete solution. These solutions do not necessarily need to be new ones.
The traditional architecture can propose solutions to out problems in adapting to the climate.
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STRUCTURES
B. Bauer', J. Breuste2 , A. Matzarakis3 and H. Maye~
I. Department of Landscape Ecology, University ofGottingen, Germany
2. Department of Urban Landscapes, Environmental Research Center Leipzig-Halle, Germany
3. Meteorological Institute, University ofFreiburg, Germany
ABSTRACT

The evaluation of human-biometeorological conditions in urban areas requires detailed information about micrometeorological differences, which are characterized by the individual structure of buildings, the forms of
vegetation and the design of urban open areas. Mobile measurements of human heat balance input parameters
such as air temperature, vapour pressure, wind velocity, short- and long wave radiation were carried out in
different kinds of urban structures. In addition ground based infrared thermography was used to obtain
information about vertical and horizontal profiles of surface temperatures in Leipzig (Germany). The results
show that air temperature and vapour pressure are relatively homogenous in the areas investigated, but wind
velocity and radiation fluxes show a high variability depending on the surrounding area. A high dominance of
radiation fluxes was found in the field of human-biometeorological evaluation. Finally the investigation
establishes the important influence of the vertical building facades on human-biometeorological conditions.
INTRODUCTION

The consideration of human-biometeorological issues is an important aspect in the field of urban planning.
Detailed information about the spatial and temporal variability of micrometeorological parameters are required to
describe the impact of different vertical and horizontal urban structures on the human heat balance. This
information is necessary to provide input values for human energy balance modeling and for the evaluation of
human-biometeorological conditions (I and 2). The problem, however, is that the inhomogeneous structures of
urban landscapes make it difficult to obtain meaningful information about the micrometeorological diversity.
Continuous climatic measurements at reference locations are helpful to acquire information about temporal
variability. The mobile measurement methods are required for the recording of spatial micro-meteorological
information. The aim of the work is to investigate the variability of micro-meteorological conditions in small
urban structures and to evaluate the methods of mobile measurements with respect to its effectiveness and
applicability in the urban planning processes.
METHODS

The study sites are located mainly within street canyons and courtyards of apartment blocks in the city of Leipzig,
Germany. The low orographic structure of Leipzig means that micro-meteorological differences are primarily
attributed to the urban design. The investigations focus chiefly on the complex of thermal effects during clear
summer sky conditions in order to record extreme situations of human heat stress in the urban environment.
For the mobile measurements the instruments for recording all parameters relevant for human energy balance,
such as dry an wet bulb air temperature (ventilated aspirations psychrometer PtlOO), wind velocity (heat wire
anemometer), short-wave radiant fluxes (pyranometer CM2l) and long-wave radiant fluxes (CGl pyrgeometer),
instruments were installed on a small handcart to guarantee a high mobility (3). The mean radiation flux density
absorbed by a person is then calculated by the radiation measurements of the turnable pyranometer and turnable
pyrgeometer. Detailed information about the applied techniques are given in (4 ).
Using the meteorological parameters as input values the human-biometeorological evaluation is then performed
on the basis of MEMI (Munich Energy Balance Model for Individuals) calculating the thermal index PET
(Physiological Equivalent Temperature) (I and 2).
Ground-based infrared-thermography was used to record surface temperatures of surrounding horizontal and
vertical structures. The recording system in use was an AGEMA thermal scanner (THERMOVISION 470 pro,
THV470 SWB). The advantage of infrared-thermography investigations compared to the pyrgeometer
measurements is that long-wave radiant fluxes can be related to different kinds of surfaces.
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RESULTS
Out of countless possible varieties of urban structures examples of an east-west-orientated and a south-north
orientated street canyon were chosen to show the influence of buildings and their influence to the micrometeorological conditions.
Figure I shows the meteorological parameters, which were measured at a distance of I m from the facades on the
side walk at a height of 1.1 m for all measured radiation parameter with pyranometer and pyrgeometer and at a
height of 2m for all other parameters. The shown measuring points (MP) are all located within a radius of 50 m.
The diurnal variation of air temperature and vapour pressure exhibits a relatively uniform course at all measuring
points, whereas large differences are observed in the course of short-wave and long-wave radiation flux densities
and in the course of wind velocity. This clarifies that during summer days with clear sky conditions the radiation
balance and the wind speed are dominant factors in the spatial evaluation of human-biometeorological
conditions.
Wind velocity shows differences between roughly I m/s and 4 m/s. The wind direction at this time was east I
north-east, with the consequence that MP I in front of the west exposed facade showed the lowest wind speed of
all measuring points.
The curve of the short-wave radiation related to the upper half space shows that the highest values (800 W/m2 )
were measured in front of the south exposed facade whereas the shady areas records not more than I 00 W1m2•
The graph of the long-wave radiation related to the lower half space shows similar curves. The highest values are
found at the south exposed MP I with 600 W/m2 maximum and the lowest rate in front of the north-exposed
faced with only 480 W/m2 • This results in the mean radiation temperature in shaded areas during the daily
maximum period being about 30 K lower than in areas with direct solar radiation. Similar results to those above
were found in further invesHgations carried out under trees (3). This implies that there are also differences in the
mean radiation temperature of 25 K between sunny and tree-shaded areas (5). The highest PET (Physiological
Equivalent Temperature) was calculated for the west-exposed MP 2 in the afternoon and at the south-exposed
MP 4 at early noon. This is due to the combination of high short-wave and long-wave radiant fluxes and low
wind speed.
Figure 2 shows the correlation between PET and air temperature differentiated between measurements in sunny
and shaded sites. With air temperatures of over 17 °C, the PET-values in shaded areas are on average about I 0 K
lower. The graph clarifies the dominance of the radiation fluxes in the human-biometeorological evaluation
during.summer days with clear sky conditions. A consequence of this point is the question whether high surface
temperatures could be used as an indicator for high radiation flux densities and thus as an indicator for high PET
values. In this case the ground-based infrared thermography could be used to visual high surface temperatures.
The hypothesis is that areas with high surface temperatures of vertical and horizontal structures have higher PET
values because of higher radiation flux densities.
The infrared image in figure 3 shows a perspective view of the east-west-orientated street canyon in a westerly
direction at 13:00 CET. The north-exposed MP 3 (see figure 1) is located on the left hand side of the image and
the south-exposed MP 4 (see figure I) on the right hand side. The surface temperatures in the shady surrounding
of MP 3 have nearly the same values as the air temperature with about 29 °C. The south exposed facade at MP 4
shows surfaces temperatures up to a maximum of 50°C.
Compared to the mean radiation temperature .of the mobile measurements in figure I ( 13:00 CET: MP 3 about
34°C Tmrt; MP 4 about 65 °C Tmrt), differences of a similar scale were obtained between shaded and sunny
areas. As a result of the high mean radiation temperature at MP 4 high PET values were also found there (13:00
CET: MP 3 about 27 °C PET; MP 4 about 45 °C PET). This shows that surface temperatures can be used as
indicators for mean radiation temperature and accordingly for the Physiological Equivalent Temperature (PET).
Figures 4 and 5 show two infrared images of a south-exposed facade ·at 13:30 CET. One part of the facade is
covered with vegetation (figure 5) while the other part is blank (figure 4). The comparison of these two images
shows that the mean surface temperatures on the blank facade lies between 44 oc and 48 °C whereas the surface
temperature on the covered facade only reaches values between 32 °C and 40 °C. The effect is that the long-wave
radiant fluxes in front of the facade with vegetation are lower than these in front of the blank wall, thus in
consequence the PET-values are also lower.
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Figure 1: Diurnal variation of human-biometeorological terms in a east-west-orientated and a north-south
1
orientated street canyon of Leipzig-Volkmarsdorf, Germany (mobile measurements on August 11 h, 1997;
height of measurement 2m and l.lm for radiation measurements; all time information in CET) (6)
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DISCUSSION
For urban planning mobile measurements in small urban structures are often too costly, since much time and man
power is necessary to organize the measurements. However, for human-biometeorological evaluation and for
calculating the Physiological Equivalent Temperature, detailed micro-meteorological information is required.
With the ground-based infrared thermography one can obtain spatial information about long-wave radiation
conditions as an indicator for PET relatively easily and quick, but an exact calculation of PET is not possible
using this method. The infrared images show that the facades in street canyons have an important influence on
human-biometeorological conditions. The presented work shows that the microclimatic effect of vegetation
structures in small areas must not be neglected since this has a considerable potential for the improvement of the
urban climate.
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ABSTRACT
A new index "climatic mitigation ratio" is proposed to express the effect of climatic mitigation in semi-outdoor
spaces attached to buildings, corresponding to geographical characteristics in the world.
First, to evaluate thermal comfort, thermal environments in several semi-outdoor spaces were investigated on
field observations; the enclosed arcade located under moderate climate in Japan both in summer 1995 and in
winter 1996, the continuous covered walkways located in Southeast Asia under tropical climate in summer 1996
and the covered malls located in West Europe under cold climate in winter 1996. These field observations
included measurements of air temperature, surface temperatures, air velocity, solar radiation, etc.
Second, based on these investigations, taking geographical characteristics into account, the index "climatic
mitigation ratio " was proposed considering geographical characteristics. In the index, semi-outdoor spaces are
expressed as heat mitigation in the hot season and as cool mitigation in cold season.
Finally, the climatic mitigation ratio was applied to evaluate the climate in some semi-outdoor spaces at Imabari,
Japan, and in Southeast Asia and West Europe. By compared with some semi-outdoor spaces in several areas, the
characteristics of the climate in semi-outdoor space could be evident.
INTRODUCTION
A semi-outdoor space attached to buildings locates it between indoors and outdoors. A function of a semioutdoor space is the mitigation of outdoor climate without mechanical air-conditioning and yet providing thermal
comfort for public spaces in an urban area. For example, there are arcades which are seen in Japan: "gangi"
arcades and "komise" arcades in North Japan, continuous covered walkways in South China and Southeast Asia
(called "five foot way" in Malaysia and Singapore and "xiang-zai-jiao" in Taiwan), and covered malls in West
Europe and North America (called "arcade", "passage", "galleria", etc.).
The inside of an atrium designed in a building is similar to a semi-outdoor space, but almost all atria have airconditioning units or other mechanical thermal controlling systems in operation. Many researchers have
investigated thermal comfort of the inside of atrium. However, semi-outdoor spaces attached to buildings have
been ignored to date. It is necessary to evaluate such spaces corresponding in relation to geographical
characteristics of their location, and to apply to design principles to semi-outdoor spaces.
Therefore, first, it is essential to investigate the actual conditions of the thermal comfort in semi-outdoor space
located in Japan. Then, to compare with them, other semi-outdoor spaces in Southeast Asia and West Europe
under harsher climates were investigated. Finally, some methods are proposed to evaluate the thermal comfort in
semi-outdoor space corresponding to geographical characteristics, which were needed to compare various semioutdoor spaces and to design semi-outdoor spaces.
METHODS
The thermal environments in the following semi-outdoor spaces were investigated on field observations.
( 1) Enclosed arcade located in moderate climate area in Japan

•
•

Imabari (Summer): August 10 (fair) and ll (fair and rainy for a while), 1995
Imabari (Winter) : January ll (fair), 1996
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(2) Continuous covered walkways located in Southeast Asia under tropical climate
•
•
•

Taipei (Taiwan): August 20 (fair) and 21 (fair), 1996
Singapore : August 25 (fair) and 26 (cloudy and fair for a while to rainy), 1996
Georgetown (Penang Is., Malaysia): August 29 (cloudy to fair and rainy) and 30 (cloudy to fair), 1996

(3) Covered malls located in West Europe under cold climate in winter
•
•
•

Hamburg (Germany): December 10 (cloudy) and II (cloudy), 1996
Milan (Italy): December 17 (cloudy sometimes fair) and 18 (cloudy sometimes fair), 1996
Paris (France): December 21 (cloudy to rainy) and 22 (cloudy to rainy), 1996

The field observations include measurements on air temperature (measured with aT -type thermocouple (0.08 mm
in diameter)), relative humidity (humidity probe), surface temperature (surface thermometer), wind velocity
(anemometer) and solar radiation (albedometer). The field observations were made both in the semi-outdoor
spaces and out, every two hours (9:00 to 21 :00, seven times a day), for comparison with each other.
Then, for evaluating thermal comfort, SET* (Standard Effective Temperature, one of the most common indices
for thermal comfort) was calculated on the field observations, according to Gagge et al. (1) and Gagge et al. (2).

RESULTS
Some examples of calculated SET* are showed in Fig. 1 to 8. In these figures, "IN", ''Temp" and "OUT' mean
"inside semi-outdoor space", "air temperature" and "outdoor space'', respectively.
The following can be seen from Fig. I and 2:
Io the daytime of summer at lmabari, SET* of the inside of the arcade were lower than that of the outside, but in
the nighttime the situation became opposite. However, according to ASHRAE HANDBOOK (3), SET* of the
inside showed that the thermal environment was "warm" and ''uncomfortable". In the nighttime of winter, SET*
of the inside were higher than that of the outside, but in the daytime the situation became opposite and the outside
was more comfortable than the inside from a viewpoint of the thermal comfort.
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Figure 2: Air temperature and·SET* at Imabari

Figure l : Air temperature and SET* at Imabari
(Aag. IO)

(Jan.ll)

The following can be seen from Fig. 3 to 5:
In the daytime in Southeast Asia under tropical climate, SET* of the inside of continuous covered walkways were
lower than that of the outside, however the evaluation for SET* showed that the environment of the inside was not
comfortable, but at night the situation reversed. When direct solar radiation was obsei:Ved in the continuous ·
covered walkways in Singapore and Georgetown, the thermal environments were similar to that of the outside, but
in Taipei direct solar radiation could not be observed in the continuous covered walkways.
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The following can be seen from Fig. 6 to 8:
In the daytime in West Europe under cold climate in winter, SET* of the inside of covered malls were higher
than outside, but in the nighttime this reversed. However, when solar radiation was observed in Milan, SET*
inside was lower than outside and the latter was thermally more comfortable. In Hamburg the thermal
environment inside the covered mall was especially different from that outside.
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PROPOSAL OFCUMATIC MITIGATION RATIO

On the basis of these investigations, taking geographical characteristics into account, a new index "climatic
mitigation ratio" was proposed. The·climatic mitigation ratio is written as follows~
CMR = (SET*s- Z5.°C}/ (SET*o- 25°C).
where
CMR: "climatic mitigation ratio", non dimension
SET*s: SET•· of the inside:of semi-outdooF spaee, o-c
SET*o: SET* at outdoor space, namely outside semi-outdoor space, °C
25°C: standard value of SET* inside indoor space, as neutral' and comfortable sensation.
Thus, the.climatic mitigation ratio (CMR) is the index that indicates a state of climate in semi-outdoor space
between .indoor and outdoor climate. When the value of CMR is 1.0, the climate in semi-outdoor space is equal
to outdoor climate, which means the climate in semi-outdoor space isn't mitigated. When the value ofCMR is
less than 1.0, the climate in semi-outdoor space is close to indoor climate, which means the climate in semioutdoor space is mitigated. When the value of CMR is more than 1.0, the cliinate in semi-outdoor space is harder
than outdoor climate-.
In the climatic mitigation ratio (CMR), semi-outdoor spaces are expressed as heating mitigation in hot season and

as cooling mitigation in cold season both in·the daytime and evening as shown in Fig. 9.
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Fig. 9: T he semi-outdoor spaces expressed as heating.mitig_~ttion and that as cooling mitigation

DISCUSSION.

The climatic mitigation ratio (CMR) was applied to evaluate the thermal environments in the semi-outdoor
spaces at Imabari, Japan, and those in Southwest Asia and in West Europe. By compared some semi-outdoor
spaces of various areas, the characteristics of thermal comfort of the. inside of them could be made clear (See Fig.
10 and 11, in these figure, for example, "IMA0810", "TPE", "SIN", "PEN", "HAM", "MIL" and "PAR" mean
"lmabari at August 10", "Taipei", "Singapore", "Georgetown (Penang)", "Hamburg", "Milan" and "Paris",
respectively.).
From Fig. 10, the following can be suggested:
In the daytime of summer, because the value ofCMR is less than 1.0, climates in the semi-outdoor spaces at
every place were mitigated. However, at Singapore and Georgetown, the values of CMR are nearly equal 1.0,
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because solar radiation was observed in the semi-outdoor spaces. In the nighttime, because the values of CMR
are more than 1.0, climates in the semi-outdoor spaces at every place weren't mitigated.
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The range of change in CMR at Imabari is smaller than at the other locations. It means that the climates in the
semi-outdoor space at Imabari were better than those elsewhere, because it minimised the daily range in thermal
comfort. On the other hand, at Singapore and Georgetown located in the tropics, the ranges of change in CMR
are bigger than at the others. It might be considered that the demand for semi-outdoor spaces is different between
the Temperate Zone and the Tropical Zone.
·
From Fig. 11, the following can be suggested:
In the daytime of winter, because the values ofCMR are less than 1.0, climates in the semi-outdoor spaces at
Hamburg and Paris were mitigated. However, at lmabari and Milan, the values of CMR are over 1.0, because
solar radiation was observed in the outdoor spaces. At night, because the values of CMR are more less 1.0,
thermal climates within the semi-outdoor spaces weren't mitigated, regardless of location.
Especially at Imabari, the range of change in CMR is bigger than at the other locations investigated, and the
value ofCMR in the daytime is over l.O. Therefore, the climatic mitigation of the semi-outdoor space was worse
than at the others. And at Hamburg the value of CMR is smaller than at the other locations. It is shown that
climate in the semi-outdoor space at Hamburg was much nearer to indoor climate.
It might be considered that the demand for semi-outdoor spaces is different between in winter in the Temperate
Zone and in the Frigid Zone. The former, located in middle latitude such as Japan, receives more solar radiation
than the latter located in high latitude.

In concluding, with the techniques outlined in this paper, it is possible to compare various semi-outdoor spaces
attached to buildings and to make their thermal environmental characteristics clear with the climatic mitigation
ratio (CMR).
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ABSTRACT
Slate tile roofs have an important role in the formation of urban heat island. To solve this problem, a ceramic roof tile
was developed from industrial wastes. This tile has the ability of sustaining water inside it for a long time as well as
containing water as much as 70% of its volume. All the requirements such as strength, weight, production costs, are
satisfactory. Outdoor experiments were conducted on summer days using two houses, one roofed with this tile and the
other with normal tiles. It was found that the ceramic tiled roof surface temperature was 17 °C lower than that of
normal tiles at maximum, which lasted at least three days without rainfall. This effect was gradually transmitted into
the interior of the house. As a resu lt, the reduction of sensible heat flux into the atmosphere was estimated to be as
high as 100 W 1m2 , and energy saving inside the room was 0.68 MJ per day.

INTRODUCTION
Slate tile roofs receive an amount of solar radiation and are heated to a temperature as high as 70 °C during the
daytime in summer, which is one of the most important heat sources for the formation of urban heat island (e.g.
Asaeda et a!, 1996). At the time of heavy rainfall, on the other hand, these materials prevent infiltration of rainwater
into the ground, increasing the rapid surface runoff into rivers and the volume of flood flow. To improve these
conditions, water sustainable ceramic tiles were developed using fly ash, produced in thermal plants as industrial
wastes. In addition to its high permeability, this tile contains a number of different sized pores inside, which sustain
water for a long time as well as absorb water as much as 70% of its volume (see Figure 1, Table 1). Although a less
effective tile from the same material was utilized as a pavement material, high efficiency was observed (Asaeda and
Ca, 1999) in cooling the pavement surface, where the surface temperature of pavements was reduced by as much as 10
°C with only once a week sprinkling during the summer time.

Table 1. Characteristics of the material
Density (kg/m 3)
Normal slate tile
1505.5
Ceramic tiles (Dry)
732.0
Ceramic tiles (Wet*)
919.6
*Pores are saturated by water

Albedo
0.1
0.1
0.1

In densely populated areas, however, roofs have much wider area
than streets. Thus, the application of this material to the roof tile is
more effective to relieve the urban heat island. In the present
experiments, therefore, this tile was applied as a roofing material,
and its effects were monitored.

Figure l.A photograph of a test of
absorbing water by the ceramic tile.

EXPERIMENT
Two flat houses, 2.7m x 3.63m wide and 3.50m tall, were constructed in an open area of the Campus of Saitama
University, 35° 52' N, 139° 36' E, using the same materials except for roofs (see Figure 2). One of them (west house)
had a roof made of ceramic tiles, and the other (east house) had a normal slate tiled roof utilized as a control. The roof
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tiles of both houses were water-proofed underneath with plastic sheets in an ordinal manner. The roofs were painted in
black and their surface albedos were approximately 0.1 for both.
Many thermistors were installed at various positions of both houses, and all other important meteorological
components, such as solar and atmospheric radiations, air temperature and humidity, and wind velocity, were
measured continuously. Water content of the tile was measured periodically. Figures 3 (a)-(d) show the solar and
atmospheric radiation, air temperature, relative humidity, and wind speed during the experiment. The sky was mostly
clear except for July 21st. Also, 5mm of water was sprinkled at 18:00LST on July 29th, which changed water content
of the tile from 5 to 20.

Figure 2. A photograph of houses. west : a roof made of the ceramic tiles; east : a normal slate tile roof
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Figures 4(a)-(c) present temperatures beneath the roof tiles, in the attic, and in the room. In the south surface of the
roof, temperature rose to as high as 69 °C with the normal tiled roof, whereas with the ceramic tiles, it was only 52 °C
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at maximum on the next day of sprinkling. Figure 5 shows the estimated sensible heat fluxes from each roof to the
atmosphere under the wind speed of 5mls. Difference is normally larger in the morning because of sample water
content sprinkled on the previous day and absorbed dew water during the previous night. The maximum difference
amounts up to 100W/m2 during the hottest time from 12:00LST to 16:00LST and the total difference becomes as
much as 5.3 MJ throughout a day. It should be noted that this large temperature difference lasted for three days. This
is partly because of the ability of sustaining water for a long time and also partly because the tile absorbs dew forming
on the tile surface during the nighttime. Thus, between the two houses a larger temperature difference was observed in
the morning than in the afternoon.
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A remarkable difference was also observed in the attic temperature. A maximum of 8 °C temperature difference was
observed between the two houses and in total as hlgb as 0.037 MJ of energy was relieved from 6:00LST to 15:00LST.
Although it gradually reduces, the large difference lasted at least three days without any rainfall.
The minimum temperature was recorded at 6:00LST, one hour later than that of air temperature. The maximum value
appeared 15:00LST, three hours later than that of beneath the roof tile. This time lag is mainly caused by the low heat
conductivity of the plastic sheet. Although temperature difference was relatively small inside the room (see Figure
4(c)), it was because for such a small house the fraction of the heat exchange through the roof was relatively small
because of the insulation at the ceiling compared with heat flux through relatively large walls. As in shown in Figures
6(a) and (b), much lager heat fluxes from east and west walls were recorded than the flux from the roof. Different
patterns of these fluxes between two houses were due to the mutual shading of houses, since two houses were only
3.7m apart. Expect for these two components. However, the heat flux from the ceiling was almost twice as large as
other components in the slate roofed house. In the ceramic roofed house, on the other hand, it was reduced to the same
level with other components, The difference in fluxes from roof was 0.68 MJ per between two houses. In a normal
sized house with a relatively small fraction of wall area or with stronger wall insulation, the effect is supposedly much
larger. With twice as high wall insulation, for instance, the expected difference increases to 2.3 °C.

In the room, the maximum temperature was again delayed and recorded at 16:30LST. Although the ceiling plates and
their insulation have some contribution to this temperature, this time in late afternoon probably increase the heat flux
through the west wall which is more intense. It is recommended, therefore, to provide adequate insulation in east and
west walls apart from roof insulation.
CONCLUDING REMARKS
With its impermeable feature, the slate roof has an important role in the formation of urban heat island during
summer times. During a heavy rainfall, on the other hand, it contributes to increase flood flows in rivers. Under such
circumstances, a water sustainable tile was developed from industrial wastes and was used as a roofing material. Their
effect in cooling both the roof surface and the interior during summer days was remarkable. The temperature
difference reached as high as 1 °C, and sensible heaf flux in the air was reduced by 5.3 MJ per day. It was also found
that the effects lasted at least for three days without rainfall. As a construction material, the weight of the tile is almost
half of a normal slate tile, and all other requirements such as strength both for shocks and freezing, production costs,
etc. are satisfactory and are comparable with tiles and in addition ceramic tiles is much easier. In addition, the
production cost of a tile is only slightly higher than that of a normal slate tile. All these factors considered, the ceramic
tile is recommendable as a roof tile.
REFERENCES
1.
2.
3.
4.
5.

6.
7.
8.

A.M. Al-Turki and G. M. Zaki. 1991. Energy saving through intermittent evaporative roof cooling. Energy and
Buildings, 17:35-42.
Asaeda, T. and Ca, T.V., and Wake, A. 1999. Heat storage of pavement and its effects on the near surface
atmosphere, Atmospheric Environment. Part B Urban Environment, 30:413-427.
Asaeda, T. and Ca, T.V. 1999. Characteristics of permeable pavement during hot summer weather and impact
on the thermal environment, Building and Environment (in press).
Ca, V.T., Asaeda, T. and Abu, E.M. 1998. Reduction in air conditioning energy caused by a nearby park.
Energy and Buildings, 29:83-92.
Ca, T.V., Asaeda, T., Ito, M., and S. Armfield 1994. Characteristics of wind field in a street. J. Wind
Engineering and Industrial Aerodynamics, 57:63-80.
Danny S. P., Stephen F. B. Jr. 1997. Roof solar reflectance and cooling energy use: field research results from
Florida. Energy and Buildings, 25:105-115.
Taha, H., Sharon D., and Jay H. 1997. Mesoscale meteorological and air quality impacts of increased urban
albedo and vegetation. Energy and Buildings, 25: 169-177.
Akbari, H., Sarah B., Dan M. K., and James H. 1997. Peak power and cooling energy savings of high-albedo
roofs, Energy and Buildings, 25, 117-126.

64

THE ASSESSMENT OF HUMAN THERMAL CLIMATES IN CITIES
G. Jendritzky 1, A. Griitz 1 and M. Friedrich 2
l.
2.

Business Unit Human Biometeorology, Deutscher Wetterdienst, D-79104 Freiburg,
German Geographic Institute, University ofFreiburg, D-79104 Freiburg, Germany

ABSTRACT

As often underestimated from a health point of view the relevant atmospheric environment in urban areas is given
not only by air pollution but also by the thermal conditions. The latter generally tends towards more comfortable
conditions in cold and moderate climates due to the heat island effect. But due to the add-on effect more frequent
and intense heat load events can be expected in urban areas in warmer climates. Epidemiological studies of
mortality data from industrialized countries with sufficient air pollution control provide good arguments that heat
load often affects health more than air pollution which only possesses a modifying relevance as confounder.
However, in most of the rapidly growing agglomerations in developing countries, air pollution there is probably
of higher relative importance.
In the complex processes of heat exchange of the human body, not only air temperature but also humidity, wind
velocity and short- and long-wave radiation - all typically altered in urban areas - play a role and must therefore
be taken into consideration. The appropriate state-of-the-art procedure is to apply a complete heat budget model
of the human being in order to gain thermophysiologically significant results. The microscale characteristics of
the relevant meteorological fields (esp. wind and radiation) of the living space of the human being near the
ground, i.e. the urban canopy layer, is the area of concern. To meet the needs of the users application-oriented
tools are necessary. The urban bioclimate model UBIKLIM can serve as an example. Where climate-oriented
urban precautionary planning fails, often only the introduction of heat watch/warning systems and finally disaster
management remain.
INTRODUCTION

From a bioclimatological point of view both air pollution and the thermal conditions are the main issues from the
man-made altered atmospheric environment in urban areas. While in general adverse health effects are related to
increasing air pollution, in the heat exchange conditions only increasing deviation (heat load, cold stress) from
the preferred comfort zone must be assessed negatively. In cold and moderate climates the heat island effect
results in an increase of comfortable (at least acceptable) conditions, an example of a positive man-made climate
modification. However, in warmer conditions this heat will be added on to that of heat waves delivering more
frequent and intense heat load events.
In the past 30-40 years in industrialized countries clean air acts have made extraordinary progress and both
scjence and legislation are on the advance. It is remarkable that in most of the mortality-based epidemiological
studies in the past made by the air "pollution community" the thermal part of the atmospheric environment only
was considered as an annoying confounder.
Times changed substantially when in the framework of the climate change discussion the assumption arose that in
a warmer world more frequent and more intense heat waves would result in an increase in mortality (1,2,3). In the
meantime numerous studies on heat-related mortality have been made showing the significance of the thermal
environment (4,5,6,7). In a meta-study (8) using information from the beginning of this century to 1996 it was
found that the highest weather-related mortality in the USA occurs from heat waves and not hurricanes, tornados,
lightning, or others. Some studies try to distinguish between thermal and air pollution affects, which is quite
difficult, and there is some indication that heat load in countries with a general sufficient air quality obviously
contributes mainly to a mortality increase during heat waves. Some analyses show furthermore that the urban heat
island, best presented by the general rural-urban cross section of the air temperature profile (9), contributes
additionally to the local development of the heat wave.
However, the above-mentioned epidemiological studies also show that there are numerous non-climatic impacts,
such as socioeconomic and environmental characteristics, demographic influences, ethnicity, genetic
endowments, lifestyle choices, proverty, and lack of access to medical services. Some authors assume that heatrelated morbidity increase could be even more costly than death (8). There are also observations which support
the assumption that well-being and efficiency in healthy human-beings will be adversely affected. There are also
indirect impacts beyond that: In some affluent countries the use of air-conditioning results in an increase of
energy bills (a problem for the poor) and the high energy consumption adds to the urban heat island, thus
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increasing health risks for people without access to air-conditioning. This illustrates to the socioeconomic
dimension of the problem. However that may be, the thermal climate in cities is obviously a major issue in human
biometeorology.

METHODS
The assessment of the complex conditions of heat exchange of the human body with the atmospheric environment
requires the application of complete heat budget models. State-of-the-art procedures combine air temperature,
water vapour pressure, wind velocity, short- and long-wave radiant fluxes with metabolic rate in
thermophysiologically significant terms with due consideration of the insulation of clothing (10) (see Fig. 1).
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Frequently used approaches are the discomfort equation (11), the
Munich Energy Budget Model for Individuals MEMI ( 12), the
complete (outdoor) apparent temperature AT approach (13). The
descriptive term is e.g. Predicted Mean Vote PMV (11), a certain
temperature related to fixed standard conditions such as
physiologically equivalent temperature PET (12), perceived
temperature PT (14), standard effective temperature SET (see 15) or
AT (in different versions) (13). With limitations also skin
temperature, sweat rate, degree of wet skin or the required insulation
of clothing in clo-values to achieve comfort is quite possible. The
actual assessment takes place by applying the 7-step ASHRAE scale.
From the meteorological input data the radiant fluxes are most
difficult to deal with, because representatively measured data are
more often than not unavailable. Thus they must be parameterized
(16,17) and then be related to the special geometry of a - normally
upright standing - human being by a mean radiant temperature T mn·
Differences in the necessary assumption when modelling radiant
fluxes usually delivers larger differences in an assessment of a climate
than differences between the above-mentioned heat budget models,
i.e. the human heat budget responses are sensitive to Tmn, particularly
when wind velocity is low.
From a bioclimatological point of view in urban areas the atmospheric
fields are significant in the urban canopy layer, i.e. the settlement
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structure (including its interactions) as the resutlt of planned or free development. Producing respresentative data
is generally not a simple matter. Measured data only contain information as to what is happening and not the
future. Thus at least for urban planning purposes with the aim of creating and safeguarding healthy conditions
modelling seems to be the appropriate method. But unfortunately urban climate models with high resolutions
firstly are computationally demanding and secomdly, a great deal of adaptation to the specific settlement structure
data and eventually to topography. Thus for practical applications the question arose as to why not follow an
approach which simulates the basic relation between the thermal environment only once and then adapts the
results to the conditions of interest by introducing available expert knowledge in an objective procedure.
The following approach works on the principle that the thermal conditions in the urban boundary layer at a given
location in an urban area depend on the kind of land use, i.e. the settlement structure (these are the planning
variables to be transformed into boundary layer parameters):
interactions between neighbolllring structures
the topography (local scale)
the meso and macroscale climate

The first problem can be solved either b)t means of regression equation simulations using the onedimensional urban boundary model MUKLIMO 1 or by explicitly running this model at each pixel
within a geographic information system (GIS). Interactions and the local influence of topography are
dealt by using some partly physical, partly empirical approaches, particularly with respect to
advection. The meteorological fields deriv,ed can then be bioclimatologically assessed
in the manner described above. The name of this procedure with a typical resolution in 10 m grids is !,!rban
BioQlimate Model UBIKLIM (18).

RESULTS

Fig. 3 shows an example of the diurnal va!iation of PMV for two typical land-use structures compared
to a rural area (meadows). All three simUtlations have been computed with the nocturnal local wind
system both present and absent. The graphs show the relatively high minimum PMV in the urban area,
the retarded increase in PMV in the morning and generally higher values over the whole day. The
superimposition of the local wind system results in a marked nocturnal reduction in PMV, i.e. less
heat load, indicating the beneficial effect of such wind systems and thus their significance for urban
planning.
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In the concrete case of the application of UBIKLIM to the city of Freiburg/Germany during a cloudless night in
summer cold air flows from the adjacent Black Forest hills and is channeled through the narrow topography (Fig.
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4a) from east into the Rhine valley, thus affecting the middle and the southern parts of Freiburg (Fig. 4b). The
northern parts remain in the wind shadow with low wind velocities and consequently there is a higher intensity of
heat load also in areas with comparable settlement structures to the south. In wooded areas outside the influence
of the local wind system in all altitudes an increase in PMV -values can be observed due to the reduced wind
velocity. Fig. 4b contains an abundance of information applicable in urban planning with respect to human
health, well-being and efficiency, which cannot be elaborated on here.

DISCUSSION
The examples make clear that the often-used excuse for eschewing complete heat budget models must no longer
be accepted. Especially when we consider how microscale variations are extraordinarely significant for the heat
exchange conditions of human beings and are markedly susceptible to urban planning. The bioclimatological
assessment of the planning variables is also not an intractable problem, since pragmatic approaches based on
urban boundary layer modelling and application of urban climate knowledge are available. So there is no longer
any reason to ignore the thermal conditions in urban areas, although both comfort and degree of heat load depend
on what urban planners, decision makers, politicians or individuals have decided on beforehand. The alternative
to a climate-related urban design would be the installation of so-called heat watch/warning systems indicating
that an adequate urban planning has failed.
b
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Fig. 4a

Example UBIKLIM Application Freiburg, Germany:
Topography transitian Black Forest/Rhine vally, frame is detail for Fig. 4 b
Example UBIKLIM Application Freiburg, Germany:
Distribution thermal load in terms of delta PT inK, 4:00 local time
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SOME DIRECTIONS FOR HUMAN BIOMETEOROLOGY IN THE NEW
CENTURY
D.M. Driscoll
Texas A&M University
ABSTRACT

Some of the literature in empirical human biometeorology, the search for associations by mathematical-statistical
means, including studies published in the International Journal of Biometeorology, affords the geophysical
environment more influence than is justified by the evidence. Presumed relationships between a variety of
environmental variables on the one hand and human response, both physiological and psychological on the other,
are reviewed, and criticized under the headings general, meteorological, epidemiological, and mathematicalstatistical. The means by which studies in this field can be improved are suggested.
INTRODUCTION

The case for weather effects on the physiological and psychological well-being of man has probably been
overstated in the second half of the Twentieth Century. The evidence presented for such effects, largely
(although not exclusively) in the International Journal of Biometeorology (IJB), is not sufficient to show that
non-catastrophic environmental conditions are deleterious, except for a few associations long established in
etiology.
In this paper I will be critical - and I hope constructively critical - of recent research that purports to establish
links between the physical environment, chiefly atmospheric, and a wide range of human responses. Some of
this research goes beyond attempting to establish connections and unequivocally states that man and his
environment are paired as cause and effect in ways not as yet established in the etiological literature: the
environment provokes and we respond. So as not to direct these criticisms at individuals, I will not cite the
particular studies that I think cross the line from scientific to pseudo-scientific; my focus instead is on methods
and results.
What effects? What diseases or psychological manifestations? What kind of weather (or, more generally,
physical environmental conditions)? Table 1 shows both factors of the physical environment and psychopathological responses, as gleaned from issues of the IJB over the last several years. The Jist is impressive, in
that if one accepts what is implied by these studies, the atmosphere and the cosmos have a far greater effect than
is indicated in current textbooks dealing with the etiology of diseases and afflictions. What then is our basis for
the claim that the physical environment has such a pervasive and harmful influence on us? Is all of what has
been learned about man-environment relationships overstated? How much of it is reasonable, how much purely
speculative, or simply unreasonable?
Before I attempt to answer these questions let me establish boundary conditions and clarify terms. I am critical
of studies, classified here as empirical human biometeorology, that search for relationships by mathematicalstatistical means when the etiology is either unknown or incompletely known. In other words, these are studies
in which the causal chain is incomplete; we observe presumed cause, and actual effect, but have little or no
pathophysiological way to relate the two. Techniques such as correlation and regression, Chi-square analysis,
spectral analysis, analysis of variance, as well as a number of more sophisticated techniques, are employed to
investigate the mathematical validity of the presumed cause and effect. Sometimes researchers go the necessary
next step and speculate about the physiological (principally neuroendrochronological) processes that may
connect atmosphere and illness, although this is a fairly recent development. We begin the new millennium with
a massive case for geophysical effects based chiefly on circumstantial evidence.
This approach can be contrasted with two other kinds of investigation in human biometeorology, quantitative
and qualitative. The former deals with measurable changes in man caused by measured environmental elements,
for which the physical transfer mechanism is known. Examples are anoxia, erythema, and deaths due to
excessive heat and humidity. Qualitative human biometeorology deals with observed medical symptoms
obviously triggered or exacerbated by atmospheric agents, but for which the physical transfer mechanism is not
completely known. The atmosphere in this case often acts as an enabler. Examples are allergies and increases in
morbidity and mortality due to pollution.
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Table 1: Recent environment-man links reported in the International Journal of Biometorology

Environment
Air temperature
Air hwnidity
Absolute
Relative
Wind speed or air movement
Katabatic:

Foehn
Santa Ana
Chinook
Sharav, etc.
Radiation
Cosmic
Solar
Longwave
Atmospheric pressure
Solar indexes (various)
Magnetic disturbances in the ionosphere
Geomagnetic actiVity
Space proton flux
Air ion concentration
Total
P.os/neg ·ratio .
Atmospheric dust

Mortality
Total
Specific causes
Cardiovascular/neurological
Hypertension
Myocardial infarct
Stroke
Respiratory
Asthma
Bronchitis
P.Beumonia
Sinusitis
Fetal growth
Hoononallevels
Ho~pital/clinic admissions
Epileptic seizures
Intraocular pressure
Blood coagulation
Arthritis/rheumatism
Migraine
Breast cancer
Oral tempemture
Behavioral
Mood
Crime
1nitabilicy
Learning ability
Helping bebaYiar
Accidents
"Industrial
Traffic

:Suicides
T<est lalcing
:sleep and sleep disorders

Finally, and by way of·putting a figurative fence around what I'm talking about, my focus is on weather, ·not
climate. Unfommately, the two are often confused.
I'd like to examine the studies I refer to - studies in empirical human biometeorology - from a number of
perspectives. These are general, meteorological, epidemiological, and mathematical-statistical.
GENERAL

The studies we empirical human biometeorologists pursue, and the way we pursue them, are too often
determined by what is expeditious and easy, rather than by what we need to know. High speed computers now
make it possible to process enormous quantities of data and fortunately, most of the phenomena of concern,
whether geophysical or medical, are amenable to quantification. It's common practice to take a plethora of
environmental variables, from the most pedestrian, say, temperature and humidity, to the most obscure and
recondite, e.g., solar proton flux and positive-over-negative air ion ratio, and then calculate correlation
coefficients. I submit that, when we don't know the physical transfer mechanism, or even when we're simply
curious to know if relationships exist, the best approach to the meteorological characterization is through
weather types or other synoptically-oriented paradigms. We should first ask: What kind of weather might be
associated with various human responses? Only if and when that has been determined should we look further to
find individual elements that might be causative. This is further pursued under the meteorological heading to
follow.
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I'm also concerned about the attitude evidenced by some researchers. It is clear from the concluding remarks of
some studies that the author expected to find significant associations. Because they weren't found, as sometimes
happens, he or she adopts an apologetic tone - almost a defensive posture -and tries to rationalize this negative
finding. It seems to me that it is the finding of significant associations that must be rationalized, not their
absence. The weather and cosmos are ·innocent until proven guilty - or at least until the evidence becomes
preponderant.
We continue to struggle with cross-disciplinary problems. As a meteorologist, primarily, I continue to be
concerned about the naivete sometimes displayed by those whose primary allegiance is not to this discipline. At
the same time I quickly acknowledge my incomplete background in pathophysiology; I struggle with such
things as the sensitivity to adenosine diphosphate of platelets in whole blood.
Another concern is with titles of our research papers. Sometimes they mislead. So as not to offend anyone, I'll
make one up: "The relationship between warm fronts and myocardial infarctions." The research is conducted to
determine if there is such a relationship, but the title says there is one. Can't we be more circumspect and say "A
search for associations"? Are we sufficiently aware of how attractive such unqualified titles are to the media
representatives who publicize our work? Regardless of what the findings of the study showed, the science writer
for a wire service or magazine will invariably indicate that there is a relationship.
Finally, we sometimes fail to pursue our studies in sufficient depth. The title says a relationship has been found
between X and Y, but the relationship is spurious because - among other possibilities - there are unexamined
factors at work. As an example, consider the finding of some years ago that childbirth is disproportionately
more frequent when atmospheric pressure is rising - statistically signficantly so. A follow-up, unpublished,
study showed that this was probably not a valid relationship because of the temporal coincidence of two
unexamined factors, diurnal pressure variations and the higher frequency of births in the mid-morning hours.

EPIDEMIOLOGICAL
It is this observer's belief that weather, climate, and the cosmos, as indicated in the introduction, have been given
more importance in etiology than is deserved. For relationships that are, in truth, etiologically valid, this will
continue to be the case until all phases of the cause-effect pathway have been elucidated.

Correlation coefficients are a way to start, but ultimately we must be able to specify, and relate four stages in this
pathway (1). These are:
l.
2.
3.
4.

ambient environmental conditions
receptor systems or organs
physiological manifestations or indicators
impairment or modification of adaptive capacity

At the infant stage of research we typically know only the first and fourth, and the evidence more likely than not
has been obtained by mathematical or other empirical techniques. It is encouraging that recent research -just of
the last decade - has begun to examine the third stage. Examples are immunoglobulin levels (2), blood pressure
(3), the roles played by the hormones serotonin and melatonin (4). It seems we have the beginnings of an
understanding of the third stage as well as of the first and fourth stages. Who will work to specify the second?
Another concern under this heading is what appears to be the exaggerated influence of seasonality, the variation
of morbidity and mortality, as well as of many psychological responses, over the course of a year. According to
some research deaths are more frequent in the colder months in the middle latitudes because of relatively low
temperatures. Except for the obvious incidents (deaths from over-exertion, which are very few) I find this
explanation unsatisfactory - and others have as well, for example Kloner (5). I proffer two reasons. First, in
technologically advanced nations people spend very little of their time out-of-doors and thus are not exposed to
debilitating conditions, especially when such conditions are severe enough to be threatening. This applies
particularly to those such as the elderly who are most likely to succumb.
Second, temporal variations in mortality in advanced countries are probably mostly a consequence of
socioeconomic and cultural factors: holidays, the time we spend in- and outdoors, our recreational pursuits, our
dietary and nutritional habits (picnics in the summer, feasts at Thanksgiving and Christmas, in the U.S. anyway)
as well as other practices. Most of these are bound to the calendar - to the pulse and tempo of living. These
might have far more to do with temporal variations in mortality than weather or climate. The statistically
significant correlations that have been found in these studies are probably spurious, and indicate little more than
that both phenomena - the geophysical factors and human response - occur on an earth which rotates on its axis
and revolves around the sun. One could even argue that such studies fail the "meteorology" half of
"biometeorology" and should not be in our journal.
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METEOROLOGICAL
Undeserved attention is given to some weather variables in our studies. Why, for example, would researchers
investigate the effects of relative hwnidity? This is a compound weather element, comprising both the water
vapor content of air, or absolute hwnidity, and temperature. It does not indicate the water vapor content of air,
only how close that air is to being saturated. Consider these two weather situations, which are very different and
yet have the same relative hwnidity of 50 percent (all values are in degrees Celsius): 10 degrees temperature and

0 degrees dewpoint, and 30 degrees temperature and 18.4 degrees dewpoint. And, because we know that
established meteorotropisms are based on absolute humidity, or more specifically on saturation deficit, via its
role in promoting the evaporation of sweat, some measure either of absolute humidity (e.g., dewpoint, wet-bulb
temperature), or of the evaporating potential of the atmosphere (saturation deficit) ought to be much more
meaningful than relative humidity.
A similar mistake is made with so-called barometric pressure (which really ought to be called atmospheric
pressure), often used as an independent variable in our studies. The changes in pressure one experiences at
constant level as the result of shifting weather patterns, over the course of a few days, are likely to be only about
two to three percent of the value of sea level pressure. Does the hwnan organism sense this? In addition, the
pressure changes one undergoes in an elevator in a tall building approximate nature's changes at the surface. Do
we suffer ills in elevators? About the most that can be said here is "popping ears," which is hardly injurious.
My principal objection to the way weather is utilized in our studies has to do with the means of expressing it.
It's all too easy, given the insatiable appetites of computers and the ease with which computations are made, as
well as the ready availability of weather data and existing software, to represent weather as individual elements.
One can almost predict the weather elements that will be used as correlates in studies in our journal: temperature,
humidity, wind speed (or air movement), barometric pressure, etc.; they've become almost standardized. I see
little justification for this "shotgun" approach. Our interest is in determining the kind of weather that is or might
be associated with a response, and this is best accomplished with weather types. These can be developed
subjectively from a synoptic frontal wave model, an approach favored by early German investigators (see, e.g.,
6), but seldom used today, or by using objective classification methods, for example principle components
analysis (67, and cluster analysis (8). Having obtained a representative kind of weather (weather type) for the
suspected meteorotropism, and as a result suspecting which of the elements that comprise weather may be active,
the investigator can then revert to correlation and regression with those individual elements or to more incisive
means of establishing cause and effect..
At the same time, there seems little justification for using weather types when the causal element(s) is known.
For example, we gain little from associating objectively derived weather types and deaths from excessive heat
and humidity, when the synoptic conditions attendant to such stressful periods have been known for decades.
There is little more on the environmental side that we need to know; what is needed is a fuller awareness of the
people who are most likely to succwnb, where they live, and what can be done about getting a warning and
assistance to them (9)

MATHEMATICAL-STATISTICAL
Mathematical techniques are a valuable tool in our search for establishing cause and effect. A significant
correlation coefficient alone does not establish cause and effect. Nor do statistically significant values of Chisquare, nor the reality of time series spectra, nor of any other of the various statistical methods that are utilized.
In some cases however, and again in reference to studies in empirical hwnan biometeorology, we ignore certain
restrictions- certain "only-ifs" (or at least desiderata) that must be observed before our conclusions are valid.
Here, for the technique of correlation and regression alone, are the frequently overlooked requirements. Each is
necessary before the interpretation of the significance of correlation coefficients is valid (1 0). First, scatter
diagrams should be plotted to determine if the variables are bivariate normal and homoscedastic. Outlying
values, which are revealed only if we look for them, have disproportionately large effects on the correlation
coefficient. In addition, scatter diagrams may reveal contrasting effects over time periods such as a year, for
example, phenomena negatively correlated for six months and positively for the remaining six months. Second,
time series of all variables, dependent and independent, should be examined for persistence, or serial correlation.
One common technique to correct for persistence is to take every (n+l)th value in the series, where n is the
interval beyond which the successive values are no longer significantly correlated (II). Third, the normality of
each variable must be tested; traditional significance of correlation coefficients does not apply to markedly nonnormal distributions. In such cases it is helpful to transform the variables; for positively skewed distributions,
which is most often the case, a square root or logarithmic transform usually suffices. For more detail on the
limitations of correlation and regression see (12).
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Perhaps the most frequently overlooked consideration in correlation and regression occurs when many individual
coefficients are calculated. Single values are isolated and regarded as significant when they may not be. For
example, when calculating 100 correlation coefficients and using the five percent significance level, we expect
five to be statistically significant by chance alone. In typical studies using as many as ten or fifteen weather
variables, for lagged relationships which thus act as multipliers, there may be tens of coefficients. Accepting as
significant all of those exceeding the specified significance level may be fallacious.
Finally, even our terminology is sometimes inappropriate. It's common practice to say that a particular
regression relationship "explains" a certain percentage of the variance of the dependent variable (for example,
deaths or strokes). This clearly implies cause and effect and is not justified. The proper term is "accounts for,"
which is obviously less conclusive, and appropriately so.

SO WHAT DO WE DO?
Correcting the mistakes of the past will require joint effort among researchers, writers (if the two are different),
peer reviewers, and editors. A healthy dash of skepticism is in order, and must be shared among all involved.
The suggestion that the environmental variables of Table 1 have an influence on the responses shown there is in
most cases truly extraordinary; may I remind you that the late Carl Sagan reminded us that extraordinary claims
require extraordinary evidence. At some point each person involved in the research-writing-editing-publishing
sequence must be willing to acknowledge that the likelihood that there is genuine cause and effect is so low that
we must ignore the finding. Statistically significant aSsociations are a start in unraveling the cause-effect chain,
but all four steps (see above) must be elucidated before a man-environment link can be validated, i.e., advance to
the stage of quantitative human biometeorology.
Our studies are highly interdisciplinary, and require the collaboration of individuals from both sides of the
environmental-medical sides of the fence, as well as from those versed in the methods and limitations of
statistics. I'm especially hopeful that scientists well-versed in epidemiology and practical medicine will become
involved in future studies in this area of empirical human biometeorology.
As a contemporary philosopher has noted (13), the tendency to believe, in spite of insufficient or contradictory
evidence, is deeply ingrained in us as a product of biological and cultural forces. In addition, this observer has
noted the many reasons why we might be willing to accept more than is reasonable (14), for example the
impossibility of proving a negative, the use of weather as a scapegoat, and the contention that if you look for
something you'll find it, whether it's there or not. Let's try to be more reasonable.
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ABSTRACT
The assessment of climate change induced health risks requires a scenario-based approach. Assuming the most
pronounced direct health impacts result from altered frequency and intensity of heat load, such conditions have
to be described in thermophysiologically significant terms. Appropriate and complete heat budget models are
available but have not been applied to this problem to date.
On a global scale the necessary meteorological input variables are available from climate simulations with
atmosphere/ocean coupled general circulation models AOGCMs. We have used a time-slice experiment with
ECHAM4!fl06. Although still unsatisfactory in resolution, additional statistical downscaling will allow a
certain improvement in future.
The global bioclimate maps show marked spatial differences in the increase in warming (in terms of perceived
temperature) in the period 2041-50 compared to the control run 1971-80. If the predictions were correct, densely
settled areas in the Mediterranean, in parts of the USA, the Amazon basin, and in south-east Asia, would be
particularly affected. Based on a rough estimation this would result in an increase in heat load related mortality
by up to 5% if no adaptation to the altered atmospheric envirorunental conditions occured. But this result should
only be used to elucidate the problem and not be taken already as a relevant answer due to numerous
uncertainties. Besides macro- and meso-scale climate impacts, including those of urban heat island effects,
demographic and socio-economic effects also have to be taken into account in the development of scenarios in
order to study climate related health risks.
INTRODUCTION
When dealing with climate change related health risks climate impact researchers apply methods of scenariobased risk assessment (1,2,3). Assuming that in a warmer world the most pronounced direct climate impact is
caused by altered intensity and frequency of heat waves (4), the results of numerical climate change simulations
must be assessed in thermophysiologically significant terms. In addition, scenarios produced on this basis must
show an appropriate spatial resolution and must also take non-climatological influences into account.
In moderate climates the daily rate in total mortality as well as in cardiovascular and respiratory diseases as
cause of death increase disproportionately with increasing heat load (5). The elderly are the most vulnerable.
There are indications, that the urban heat island effect, i.e. the increase in minimum temperature, is significant.
In a global scale analysis, socio-economic questions, the health status of the population, lifestyles, also determine
the vulnerability. In a meta-analysis (3) one arrived at the conclusion that in a warmer world during heatwaves
mortality will increase but this will be more than offset by reduced cold spell impacts.
METHODS
The assessment of the complex conditions of heat exchange of the human body to the atmospheric envirorunent
requires the application of complete heat budget models. State-of-the-art procedures combine air temperature,
water vapour pressure, wind velocity, short- and long-wave radiant fluxes with metabolic rate in
thermophysiologically significant terms with due consideration of the insolation of clothing (6). In the following
the Klima-Michel-model (7) is used which is based on the discomfort equation (8). The descriptive term is
perceived temperature PT (9) which relates the sujective temperature to otherwise fixed standard conditions.
The spatial assessment of the thermal envirorunent of an area is by way of bioclimate maps in scales appropriate
to the question (10). Because the approach is to derive scenarios based on climate simulations with AOGCMs
the possible resolution is given.
For this study data of the global climate model ECHAM4 (13) have been used. The model simulates the climate
efficiency of the most important anthropogenically altered greenhouse gases (GHGs). The climate model can be
run in various horizontal and vertical resolutions. Usual horizontal resolutions for long-time integrations (in the
order of 100 years) are T21, T30 or T42. Improvements have resulted from the so-called "time-slice" experiment
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with ECHAM4 at Tl06 resolution (1.25° zonal and meridional (approximately 110 km at 30°N and 30°S,
respectively); 320 x 160 = 51,200 grid points). This modelling was developed from (1) in collaboration with two
Swiss groups from the University Fribourg and the ETH Zurich. The present-day global climate is simulated as
control run CTRL for the period 1971-80 based on the GHGs-concentrations relevant for that time. In order to
save computer time the next interesting time-slice simulation is made for the period 2041-50. Both time-slices
are forced by the boundary conditions (SSTi sea-ice) from the coupled atmosphere/ocean model
ECHAM4/0PYC in T42 resolution, in which the concentration of the GHGs from 1860 to 1990 increases as
observed and then following the IS92a scenario (12). This method can be applied for C02 increases from 288
ppmv in 1860 up to more than 510 ppmv in 2050. Daily meteorological data for 00, 06, 12, 18 UTC from, both
time-slice experiments include air temperature, dew point, wind velocity. Application of the radiation sub-model
from the Klima-Michel-model {7,13) made outdoor mean radiant temperature available as well. On this basis, for
each 6-hourly interval and each grid point, the perceived temperature PT (9) was calculated. In order to avoid the
problem of relating all data on the same true local time to the 4 PT values of a day, daily mean and from this a
monthly mean is calculated. Based on these data global bioclimate maps of each month, either for the status-quo
or the predicted bioclimate, can be produced in Tl 06 resolution. The difference between both time series
indicates bioclimatic impact of climate change.

RESULTS
The predicted increase in global annual mean temperature for the period 2041-50 is about 2 K. The increase is in
particular pronounced over the continents but shows remarkable seasonal and regional differences..Particularly
in winter, a marked warming of up to 10 K will occur in the Arctic. But there are also some areas with cooling
down by 3 K. The behaviour of dew point and mean radiant temperature tracks that of air temperature but wind
velocity shows no significant changes.
•,

.....•.

The global pattern of perceived tempemture is .very similar to the alteration pattern of air temperature (Fig. 1).
Notable is the drastic increase ofPT in the.Antarctic, Siberia and north-east Canada (around Hudson Bay) by for
more than 10 K in part resulting in a marked reduction of cold stress in winter. Normally warming in terms of PT
is in the range of 1-4 K, with the exception .of some smaller areas. Still rather distinct warming will happen in the
adjacent areas of Russia, Scandinavia, Greenland and Canada as well as in the Himalayan area, in the northeastern parts of South America, the south-western parts of Africa and the non-coastal regions of Australia.
The development in July is quite different. The Amazon basin, central Greenland (less cold stress) and the
western Mediterranean can expect the strongest warming in terms ofPT (over 8 K). More than 4 K warming is
expected to affect half of the area of the USA, particularly the mid-west, but also central and eastern Asia. This
would mean a marked increase of heat load mostly in areas which (except in Greenland) already experience heat
load conditions in the summer season today. In Antarctica and in north Scandinavia regional though slight
cooling is predicted.
A simple projection of changes in mortality rates in the summer seasons 2041-50 in Europe based on the
fmdings of (5) delivers maximum values of 5% in central Spain and up .to 3% in the other above-mentioned
countries (Fig. 2).
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DISCUSSION
The study shows that the linkage of a complete heat budget model of the human being to the outputs of a climate
simulation model is technically feasible. The bioclimate assessment gained in this way still suffers from
inadequate spatial resolution despite improvements by the Tl 06 runs. A certain improvement at least for the
European region, should be possible by statistical downscaling (14), i.e. the application of established
relationships between the control run and the existing bioclimate maps of Europe in high resolution to the result
of the bioclimate change prediction 2041-50. Nevertheless the fundamental uncertainties due to the well-known
shortcomings of climate simulation can't be ignored. For instance, new experiments with the coupled
ECHAM/OPYC, which also include anthropogenic sulfur effects show a reduced temperature rise ( 15). The
procedure described should mainly be seen as a contribution to the development of methods . A basic
disadvantage of using a thermophysiologically significant heat budget model to climatic impacts research should
not be concealed: the usual way that many people think about climate change is at its best in tenns of only air
temperature.
Also the projections in mortality rate are not free from significant pitfalls. Acclimatization, neither
thermophysiologically nor by other means has been considered. Nor have other adaptations such as appropriate
urban planning or a greater reliance on air-conditioning, been considered because they are too uncertain.
Acclimatization depends on causal processes spanning all time scales e.g. the weather of yesterday and the days
before, season, the climate, exposure, state of health, to mention a few, so simplistic approaches (16) do not
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seem to be successful. Nevertheless a better understanding of the effects of acclimatization and adaptation, is the
major issue in climatic impact research.
Further improvements climatic impacts research on health must take into account non-climatological
demographic, socio-economic and political influences because it is becoming increasingly clear that they
determine vulnerability and adaptability of a population.
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ENSO, QBO AND ROSS RIVER VIRUS IN QUEENSLAND, AUSTRALIA

S. Done
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ABSTRACT
Ross River virus (RRV) is the most important mosquito-transmitted disease affecting Australia and may respond
to large-scale climate variability including El Nino-Southern Oscillation (ENSO) and the stratospheric QuasiBiennial Oscillation (QBO). Statistical analyses of RRV incidence in Queensland with indices of ENSO and the
QBO are conducted. These reveal significant associations between RRV and large-scale climate variability.
Furthermore, this research suggests an inverse relationship exists between northern and southern Queensland,
whereby phases of ENSO and the QBO which are associated with greater rainfall, precede high incidence RRV
months in the south, while index values associated with drier conditions are linked to increased RRV incidence
in the north, probably. due to the stagnation of water sites which provide conducive breeding grounds for
mosquitoes. This knowledge may be useful to health authorities in preparing for epidemics.

INTRODUCTION
The incidence of Ross River virus (RRV) has been associated with various climate conditions. Temperature and
rainfall are major factors governing transmission cycles, as RRV and the mosquito species which carry it, are
highly sensitive to these climatic factors (1). Temperature and rainfall are, in turn, strongly influenced by largescale climate fluctuations such as El Nino-Southern Oscillation (ENSO) (2). The Quasi-Biennial Oscillation
(QBO) in the stratosphere has also been implicated as influencing tropospheric weather patterns (3). Such largescale climate fluctuations, therefore, indirectly affect the prevalence of RRV in the population (4).
The virus, which can result in Ross River virus disease (formerly known as Epidemic polyarthritis (EPA)) is the
most important and most common arbovirus affecting Australia. It is transmitted between humans and marsupial
hosts by mosquito vectors (5). It occurs Australia-wide, though the virus is endemic in Queensland, where most
cases of disease occur. The disease itself is not life threatening but can induce debilitating symptoms in
sufferers, including aching joints, muscle pain, fever, rash, headaches and fatigue. In severe cases persistent
tiredness and rheumatic symptoms are similar to those of chronic fatigue syndrome (6).
Statistical studies have been conducted to assess how ENSO fluctuations influence patterns of mosquitotransmitted disease. In southeast Asia, dengue outbreaks have been linked to La Nina by correlations with the
Southern Oscillation Index (SOl) (7). In southeast Australia, summer-autumn outbreaks of Murray Valley
Encephalitis virus follow periods of below average Darwin pressure, indicative also of La Nina conditions (8). It
has been pointed out, however, that similar environmental conditions within the same country may lead to
different health outcomes, so spatial considerations should also be taken into account. This is the case in India
and Sri Lanka where both wet and dry phases of ENSO have been shown to be of importance in malaria
epidemics. Dry conditions cause rivers to stagnate in Sri Lanka creating favourable breeding conditions for
mosquitoes. In arid northern India however, increased rainfall associated with La Nina facilitates favourable
breeding grounds for mosquitoes (9). Spatial considerations in Australia are also likely to be important, though,
RRV outbreaks in temperate Australian regions tend to occur following heavy summer rainfall (10).
The QBO is another important large-scale climate fluctuation and refers to a 26-month cycle in which equatorial
stratospheric zonal winds change direction (11). This oscillation influences tropospheric weather patterns.
Notably, the QBO has been linked to surface air pressure variations in the Southern Hemisphere (12). There is
also evidence of strong (weak) Indian monsoons coinciding with the westerly (easterly) phase of the QBO (3).
Research which followed from this incorporated climatic teleconnections to show significant statistical links
between the westerly phase of the QBO and increased Australian crop yields (13). This suggests that the QBO
directly impacts on Australian climate. However, links between the QBO and disease have not yet been
considered.
It is the aim of this paper to explore statistical links between RRV in Queensland, where most cases occur in
Australia, and the large-scale climate fluctuations, ENSO and the QBO. Statistical analyses between various
ENSO and QBO indices, and the incidence of RRV in Queensland will be conducted to investigate the
possibility of developing statistical prediction models.
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METHODS
Analyses will use Queensland RRV national notifications from 1991 to 1997 obtained on a postcode level from
the Communicable Diseases Network - Australia and New Zealand - National Notifiable Diseases Surveillance
System through the Commonwealth Department of Health and Family Services, Canberra.
This data is regionalised based upon the Bureau of Meteorology's 19 rainfall districts in Queensland. Postcode
maps are used to visually assign postcodes to rainfall districts. Some rainfall districts are joined together where
postcode boundaries do not allow a clear distinction to be made as to which rainfall district they fall into. This
gives 15 disease regions overall for Queensland (Figure 1), which are geographically similar to the rainfall
districts.
A range of climatic indices are used, which represent the strength of the respective large-scale oscillations.
These were mostly obtained from the Climate Prediction Centre, one of the National Centres for Environmental
Prediction in the United States. Indices used in this study to measure the SO, the atmospheric component of
ENSO include the SOl, Equatorial SOl, Darwin pressure anomalies and zonal trade wind speed anomalies
across the East, Central and Western Pacific. Sea surface temperatures (SSTs) in the tropical Pacific Ocean vary
with the El Nino/La Nina cycle, hence SST anomalies in the four Nino regions are used. A newly developed
ENSO index which incorporates both atmospheric and oceanic variables known as the Multivariate ENSO Index
(MEl) is also used and was obtained from Klaus Wolter of the NOAA-CIRES Climate Diagnostics Center. QBO
indices are derived from zonal wind speeds at 30hPa and 50hPa in the stratosphere.
To avoid the complicated statistical task of transforming skewed regionalised RRV data, frequency histograms
of the large-scale climatic indices are constructed for lags between 0 and 6 months from January 1991 to
December 1997. High prevalence RRV months are superimposed upon these following a similar method to that
used by Nicholls (8). High prevalence months are defined as those in which more RRV cases than one standard
deviation above average are observed in each region. This provides a visual method for determining any obvious
associations between monthly large-scale climatic indices and the occurrence of high prevalence RRV months.
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Figure 1: Disease regions for Queensland used in this study based on rainfall regions identified by the
Bureau of Meteorology: Peninsula (PEN); Carpentaria (CAR); Barron and Herbert (BH); East Central
Coast (ECC); West Central Coast (WCC); Central Highlands (CH); Central Lowlands (CL); the Western
region (WES); Port Curtis (PC); Moreton (MOR); East Darling Downs (EDD); West Darling Downs
(WDD); Maranoa (MAR); Warrego (WAR); and Far South West (FSW).
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Where associations are observed, logistic regression is carried out to provide a probabilistic forecast of severe
RRV months. The model with the best fit for each district, as determined by the smallest deviance, is presented
as a viable prediction model of months with high RRV prevalence.
RESULTS
RRV incidence in each of the Queensland regions from 1991 to 1997 is plotted in Figure 2. By far, the district
with the highest number of cases is Moreton (MOR). This is the coastal district extending from the NSW border
to south of Bundaberg, and includes Brisbane. With substantially fewer cases, but still a significant number, is
Barron and Herbert (BH). This too, is a coastal district, encompassing Cairns and Townsville. Two other coastal
regions, East Central Coast (ECC) and Port Curtis (PC), are also locations with a high number of RRV
infections. The coast of Queensland is the most densely populated part of the state, which contributes to the
endemicity of RRV in these areas. The region with the least number of average monthly cases is the Far South
West (FSW) where only isolated cases were reported from 1991 to 1997. On a regional level, the sununer and
autumn seasonality of RRV is evident with peak periods of RR V in all regions occurring during this time.
Frequency histogram analysis showed no obvious association between high prevalence months and ENSO and
QBO indices in most regions of Queensland. Hence on a month-to-month basis in regional areas, other factors,
perhaps non-climatic, may be more important. The analyses do reveal important localised trends though in
Peninsula (PEN), Carpentaria (CAR) and Barron and Herbert (BH) in northern Queensland, and East Darling
Downs (EDD) and the Far South West (FSW) in the south.
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Figure 2: Monthly RRV cases in each region of Queensland from 1991 to 1997.
Northern Queensland
Frequency histograms of monthly indices at various lags revealed associations with high monthly prevalences of
RRV in the neighbouring regions of Peninsula, Carpentaria and Barron and Herbert. In each of these, index
values associated with drier conditions were observed in months prior to high prevalence RRV months. At
particular lags, this pattern was consistent using a variety of indices for each region. Figure 3 shows that
negative Central Pacific trade wind anomalies at 6 months lag are associated with a higher prevalence of RRV in
both Peninsula and Barron and Herbert. In Carpentaria, a strong indicator of a high prevalence RRV month is
the 30hPa QBO 4 months prior. Specifically, more RRV cases are reported when the QBO 4 months prior is in
the easterly phase.

87

~~--~----~--~----~~
18
18
14

22
~

18

r-

18

18

18

14

~14

r::

~12

r-r--

...(10

... a
8

1--

-

·

_-

-

8

~

~

0

r-- ,-.,
- 30 -25

-~

',-., ,-.,
-15 -10 -5 0
5
08030hPa-4

2

lr--~

10

15

~

0

Figure 3: Frequency distribution of lagged large-scale climatic indices (grey bars) and high prevalence
RRV months (white bars) in Peninsula (left), Carpentaria (middle) and Barron and Herbert (right).
For each of these predictors, logistic regression was carried out to provide a probabilistic forecast of a high
prevalence RRV month. Figure 4 shows that in Peninsula and Barron and Herbert, although the probability of a
high prevalence month increases as the Central Pacific trade winds relax. there is some skewness towards El
Nino values. This is to be expected because of the dominance of the El Niiio from 1990-95 in the analyses. Over
the past 20 years though, there has been a persistence of El Nino events rather than La Niiias (14) and if this
pattern persists into the future, these regression models may be quite robust. Regardless of future ENSO trends
though, verification of the models is required with a longer period of observations.
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Figure 4: Probability plots of high prevalence RRV months in Peninsula (left), Carpentaria (middle) and
Barron and Herbert (right).

A common theme in each of these analyses in northern Queensland is the association between either weakened
SO or easterly stratospheric winds prior to high prevalence RRV months. Each of these conditions have been
associated with reduced rainfall in Australia. All of the regions are in the tropics, where most rainfall is received
in the wet, monsoon season over summer. Similar conditions prevail in Sri Lanka where, under such conditions,
mosquito larvae are washed away, which is detrimental for the mosquito population. Consequently, months
which are drier than normal, cause the pooling of water reservoirs which allow mosquitoes to breed, leading to a
more effective transmission of malaria (9). The same mechanism is likely to be applicable to RRV in northern
Queensland as mosquito abundance is also important in determining the spread ofRRV (1).

Southern Queensland
Relationships between large-scale climate fluctuations and severe RRV months were observed in two regions of
southern Queensland, East Darling Downs and the Far South West. Here, indices show that values associated
with La Nina, and subsequently higher rainfall, are important in the lead up to high prevalence months. The East
Darling Downs and Far South West have temperate climates and are inland from the coast. Therefore, it is quite
plausible that increased rainfall will be favourable for mosquitoes here, and thus, the spread of RRV. Figure 5
shows that RRV in each region was sensitive to different indices and lags. In East Darling Downs, Niiio 4
anomalies at 4 months lag was the best predictor of high prevalence RRV months, while in the Far South West
higher values of the SOl at 2 months lag are associated with severe outbreaks of RRV. This does not preclude
the possibility however, of severe RRV months following months where the indices are associated with less than
average rainfall. Such occasions are observed in the Far South West for example, when high prevalence months
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followed monthly average SOl values of -15. But the probability of this occurring is greatly reduced, as
increased rainfall is often implicated as a necessary condition for RRV outbreaks because of the favourable
impact on mosquito breeding sites.
18
35
30
25

120
!1s
10

r.9

14

0.8

....
10.7
0.8

...

~

£0.5
g

:ro.•
'0

f::

;

12

r:

... 8

........... .
;

0.1

~1

-1

-0.5
0
0.5
Nino 4 Anomaly ("C) -4

Figure 5: Frequency distribution of lagged large-scale climatic indices (grey bars) and high prevalence
RRV months (white bars) in East Darling Downs (left) and Far South West (right) and a probability plot
of a high prevalence RRV month in East Darling Downs (middle).

Logistic regression was only carried out for the East Darling Downs. Figure 2 showed that only isolated reports
ofRRV were received in the Far South West between 1991 and 1997. This analysis has shown that these reports
may relate to ENSO variability, though it is probably unreliable with such sparse reports to assume that high
prevalence months (usually months which had any cases at all) are due mostly to ENSO variability as, local
factors, including population, will also be important. Figure 5 (middle) shows that in the East Darling Downs the
range of Niiio 4 anomalies for which the probability of a high prevalence month is most variable, is between O.SOC and 0.5°C. Outside this range, which suggests strongly an El Niiio or La Niiia event, the chance of a high
prevalence month is more clearly defined.
DISCUSSION
These regional analyses show the importance of spatial influences on RRV incidence. General large-scale trends
may be influenced by a few regions where the relationships between RRV and ENSO and the QBO are
particularly strong. Furthermore, different spatial patterns may be obscured completely. In the northern, tropical
regions of Peninsula, Carpentaria and Barron and Herbert, drier conditions in the lead up to high prevalence
months were found to be favourable. In the more temperate, southern areas of the East Darling Downs and the
Far South West, the opposite trend is observed, whereby index values associated with wetter than usual
conditions were favourable for RRV.
There may be a number of reasons for finding no obvious relationships between RRV and large-scale climatic
indices in many regions. On a month-to-month basis, large-scale climate fluctuations may have a limited impact
on regional climate. Local climate may also not be generally conducive to mosquitoes where minimum
temperatures are too low to support an abundance of the vectors . Additionally, although climate is regarded as
the most important factor influencing RRV, other factors also play a role. These include the location and
abundance of host populations, the immunity of the human population, and human modification of the
environment such as urbanisation and irrigation, which alter the availability of breeding grounds for mosquitoes
(1,5).
A number of logistic models have been presented here which provide probabilistic forecasts of high prevalence
months in different regions of Queensland. These will require further verification as a longer RRV data set
becomes available as the persistence of El Niiio between 1990 and 1995, likely biases the model capabilities
somewhat. However, some of the relationships identified are very strong and highly significant. Therefore, these
links are unlikely to be chance findings and provide indicative guidelines for when peak periods of RRV might
be expected.
Similar links may exist for other mosquito-transmitted diseases of importance to Australia, including Barrnah
Forest virus and dengue. Identification of important relationships is likely to aid in the prevention of outbreaks
and in utilising public health resources in a more efficient way. It also provides a baseline upon which to
compare global warming and Australia's susceptibility to (re)introduction of diseases such as malaria and
Japanese encephalitis (1).
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INTRODUCTION
High Altitude Pulmonary Edema (HAPE) is a serious clinical malady at high altitude (HA). It is characterized
by collection of fluid in the lung giving patchy shadows in the chest X-rays (1). Hypoxic stress at HA leads to
pulmonary vasoconstriction which is one of the important etiological factors in HAPE (2). The oxygen
saturation (Sa02) is impaired due to mismatch in Ventilation/Perfusion ratio due to non-uniform vasoconstriction
in the pulmonary vascular bed. Scherrer (1996) reported that nitric oxide (NO) inhalation reduced hypoxia
induced rise in pulmonary artery pressure in HAPE susceptible individuals (3). Anand et al (1998) demonstrated
that inhalation of nitric oxide (l5ppm) either alone or in combination with oxygen (50%) reduced high altitude
induced pulmonary artery pressure (PAP) rise in HAPE patients (4). However, the combined administration of
nitric oxide and oxygen (02) was most effective in reducing the PAP towards normal value. In that study
N0+0 2 administration was only for 20 minutes. As a continuation of the study, therapeutic potentials of 24
hours administration of NO and 0 2 were evaluated in the present study.
METHODS
Twenty-eight male patients of HAPE served as volunteers for the study. Their age ranged from 22 years to 42
years (Mean 32.6 yrs). The patients were treated in a service hospital located at 3500 m. Informed consent of the
subjects was obtained. The inclusion-exclusion criteria are described elsewhere (4). Fourteen patients randomly
chosen were administered NO ( l 5ppm) and 0 2 (35%). Fourteen subjects received only 35 % 0 2 and acted as
controls. The total duration of administration of 0 2 or 0 2+No was 24 hours. X-rays chest was taken on
admission and after 24 hrs of therapy. Clinical symptoms and blood gas analysis (Using ABL 300, Radiometer
Copenhagen) was done hourly for 6 hrs thereafter at 6 hourly intervals for a total duration of24 hrs.
RESULTS
There was a remarkable improvement in the clinical symptoms of HAPE in the N0+02 group compared to 0 2
group. Radiological clearance of edema was rapid after 24 hrs in the NO group compared to the 02 group.
Subjective symptoms as assessed by Lake Louise Scoring showed significant improvement in NO group
compared to the control group. There was significant improvement in Sa02 within 6 hours of administration of
N0+02• The increase in Sa02 was significantly lower in the control group.
DISCUSSION
It is for the first time, the combined administration of NO and 0 2 for 24 hours was successfully tried for the
treatment of HAPE. This mode of therapy reduced PAP by acting through K+ion channels. NO acts through
Ca++ dependent K+ion channels while 0 2 through voltage dependent K+ion channels (5, 6). The combined
therapy brings synergy of both the mechanisms. This new mode of therapy will immensely benefit a number of
sojourners at HA who succumb to HAPE.
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ABSTRACT
The human facial region is potentially one of the highest UV exposure ·areas on the human body as most of the
other regions of the body are partially or fully covered with clothing. The UV exposure to the human facial
region has been quantified for a wide range of environmental conditions with the facial region receiving a high
UV exposure. This fact, combined with the measured high UV exposure to the human population in southeast
Queensland suggests that the facial region of humans is a high-risk area for the overexposure to UV radiation.
Experiments conducted provide the quantification of the total UV exposure to the human face along with the UV
exposure to specific facial sites when in an upright head position, with the head tilted, with the use of various
hats and other protective devices, such as shade. Quantification of the UV exposure to different facial sites
provides, at a glance, the parts of the face that are high risk skin cancer areas or "UV hot spots". This technique
allows the comparison ofUV exposure to the face for a variety of postures and protective devices.
INTRODUCTION

It is a well-known fact that excessive exposure to ultraviolet (UV) radiation is a major risk factor in the
formation of skin cancers in humans. For the vast majority of our lives, most of the human body when exposed
to solar UV radiation is covered with a physical barrier to UV radiation, namely, clothing. An area such as the
human face is consistently exposed to solar radiation and humans rely on the protective capabilities of hats,
shade and sunscreens to reduce the UV exposure of this region. The human facial region has been the focus of
many studies into the distribution of solar UV. Kimlin et a!., ( 1) developed a technique to determine the UV "hot
spots" over the face and related the UV exposure distribution of the human facial region to the time of year. Gies
eta!., (2) and Wong eta!., (3) related the relative UV exposure to a selected facial site to the UV exposure to the
vertex of the head. Diffey et al., (4) related the UV exposure of a facial site with the incidence of basal cell
carcinomas of the face.
Wong et a!., (5) estimated through the use of a mathematical model, the annual UV exposure to the face of a
group of outdoor workers in south east Queensland. This study also investigated the effect of wearing a hat on
the facial UV exposure over a year. They found that for a whole year of UV exposure the risk of basal cell
carcinomas (BCC) increased 100 times without the protection of a hat and the risk of squamous cell carcinomas
(SCC) increased 13 times without wearing a hat. Kimlin and Parisi (6) measured the facial UV exposure
distribution under 3 types of hats and measured the overall ultraviolet protection factor (UPF) of these hats. They
found that the UPF of the hats investigated decreased under cloudy conditions.
This paper presents the results of a range of protective devices and measures, namely hats and shade and the
effect of each on the UV exposure of the human face. This paper also investigates further the effectiveness of
hats on various facial zone exposures.
MATERIALS AND METHODS

Polysulphone Dosimeters
Polysulphone film has been previously used to measure ultraviolet radiation (5, 1). The film was cast using
equipment at the University of Southern Queensland (USQ). It was made by placing approximately 1OmL of
polysulphone solution (polysulphone pellets combined with chloroform) onto a piece of optically flat ground
glass and spread with a regulated height blade. The thickness of the prepared polysulphone sheet was carefully
monitored, as small changes in the thickness of the polysu1phone film can have significant effects, of up to 37%
on the dose response (7).
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The polysulphone sheet was cut and then placed into a 25 mm x 25 mm rigid plastic holder with a 1 cm2 central
aperture. The pre and post optical absorbency of the polysulphone dosimeters at 330 nm was measured in a
spectrophotometer The polysulphone film was calibrated against a permanently mounted outdoor erythemal
UV meter in full sun conditions at a similar date to the experiments conducted in this paper. The outdoor
erythemal meter was calibrated in clear sky conditions against a calibrated spectroradiometer, with the erythemal
UV exposure, UVery• calculated using:
400

J

UV.., = T S(A.)A(A.)dA.

(1)

280

where A(/..) is the erythemal action spectrum (8), S(/..) is the spectral irradiance and Tis the exposure period.
Exposure Distribution

The UV exposure over a human face is a difficult task to quantify due to the human face being a complex shape.
Therefore a simplified model of the face has been used in this research. The polysulphone dosimeters were
placed at 15 selected anatomical locations over a manikin headform (vertex of head, nose, left and right cheek,
chin, left and right ear, upper front neck, lower front neck, left and right neck, left and right shoulder, rear upper
neck, rear lower neck) in Toowoomba (27.5°S, 151.9°E), Queensland, Australia. The manikin headforms were
placed on a rotating platform in an open unshaded field to model the random movements of a human head and
shoulder region in an upright and tilted position.
The erythemal exposures were measured in autumn between 22nd April 1999 to 201h July 1999 from 09:00
Australian Eastern Standard Time (EST) to 12:00 EST. The facial region was divided into 4 zones: front, rear,
left and right and these zones were broken up into a 1cm2 grid. The grid of each zone was calculated with the
axis and origin as shown in Table 1.
Table 1 - AxJs and origin points for facial zone calculations
Zone
Front Facial
Rear Facial
Left Facial
Right Facial

Horizontal Axis
L Ear, L Cheek, Nose, R Cheek, R Ear
R Neck, R Upper Neck, Left Neck
R Upper Neck, L Ear, Nose
Nose, R Ear, R Upper Neck

Origin
Vertical Axis
Nose
Vertex, Forehead, Nose, Chin
Vertex, R Upper Neck, R Lower Neck R Upper Neck
Vertex, LEar, L Neck, L Shoulder
LEar
REar
Vertex, REar, R Neck, R Shoulder

With each facial zone, the exposures at each site were linearly interpolated between the polysulphone
measurement points on the facial grid to give the exposures at each grid point for both the vertical and horizontal
axis. Linear interpolation was used in this study as previous research by Kimlin et al., (I) found that the
differences between linear, quadratic and polynomial interpolation were within the error of the measurements
when using polysulphone film. To determine the exposure at any point, EIJ, on the grid, the corresponding
exposure on the x-axis vertically above or below, E;o was scaled with the ratio of the value on they-axis to the
right or left, Eo.Jt and the value at the origin, E00 , (1):

Eoj
EI.
=
E
.1)
10 E

(2)

00

The exposure of the face (UVToraJ) was calculated by summing the product of the exposures for each grid with
the area of each grid, AIJ, in the horizontal and vertical directions (1 ):

UVToU2/

= LLEijAij (MED)
j

(3)

I
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where an MED (minimal erythemal dose) is defined as the amount of biologically effective UV to produce
barely perceptible erythema 8 to 24 hours post UV exposure (9). The exposure per unit area of each of the zones
was calculated by dividing UVTotal with the surface area of the zone of interest.
The ultraviolet protection factor (UPF) of the various hats used in this study was calculated using the following:

(4)

where UV is the erythemal UV exposure without a hat and UV PD is the erythemal UV exposure with a hat. The
three types of hats used in this study were a peaked cap, a broad brimmed woven hat and a broad brimmed "soft"
cotton hat (6). These will be referred to as hats 1, 2 and 3 respectively. Hat 1 has a brim size of7cm, hat 2 has a
brim size of Scm and hat 3 has a brim size of 7.Scm and all are worn at a downward angle towards the front of
the face of between 12° and 18° to the forehead. These hats were selected for this study as they are. commonly
used by schoolchildren in south-east Queensland.
Experiments were conducted to quantify the effect of shade devices on the facial UV exposure. The shade device
used was a verandah, open at both ends and attached at one side to a small multipurpose building. The verandah
measured 25m x 4m, with a height of 3m. The position of the verandah was such that it faced due West and it
was covered in opaque steel sheeting. To assess the effect of the shade, two headforrns with polysulphone
dosimeters attached were used in this study. One was placed in the full sun, whilst the other was in the shade, 2.0
meters in from the edge of the verandah. Both headforms were placed on a rotating platform during the
experimental period, again to mimic random human movements in the shade. Care was taken to ensure that the
shaded headforrn remained in the shade during the exposure period of09:00 EST to 12:00 EST.
RESULTS
Exposure Distribution

Figure 1 shows the UV distribution over the human face for the front, rear, left and right side views ·in clear sky
conditions for an exposure period of09:00 to 12:00 EST. In Figure l(a) the UV distribution with 0° head tilt and
no hat is shown. Figure 1(b) shows the UV distribution with the wearing and no heat tilt of a hat (hat 3) for the
same time interval of09:00 to 12:00 EST. Changes were observed in the levels of the facial UV exposure as well
as in the distribution of the UV. The UV exposure to all areas of the face was reduced by wearing hat 3,
particularly at the top of the head, the nasal, eye and mouth regions. The changes in the UV exposure over the
face when wearing a hat are due to the brim intercepting a large proportion of the direct component of the
radiation before it reaches the face. This reduced the UV exposure to the top of the head, as well as to the region
around the forehead. The overall UV exposure to other sites on the face was also reduced.
Tilt

The facial exposure per unit area of the face between 09:00 to 12:00 EST is provided in Table 2, for a variety of
head postures. The headforrn was tilted forward in 30° intervals to simulate human activities that involve head
tilt, such as gardening. As the head angle is increased, the UV exposure to the front zone of the face decreases,
while the rear zone UV exposure decreases. The total UV exposure was calculated by summing the individual
zone exposures and dividing by the total facial surface area. The total UV exposure to all facial sites shows a
decrease in exposure when the head angle increases. The reduction to the front facial zone for 30°, 60° and 90°
head tilt is 26%, 53% and 68% respectively compared to an upright position.
Table 2- Facial zone exposure between 09:00 to12:00 EST for various head postures
Ex~osure ~MED.cm·}

Head Angle

oo
30°
60°
90°

Front

Left Side

Right Side

Rear

Total

5.3
3.9
2.5
1.7

6.8
5.1
5.3
4.1

5.3
4.4
5.3
4.3

6
4.1
4.7
5.6

5.9
4.4
4.5

95

3.9

Reduction in
Total Exposure
25%
24%
34%

The UV protection of hats used in this study and the overall UV exposure to the facial zones for clear sky
conditions is shown in Table 3. Hat 1 had the lowest overall UPF of 2.9 while hat 3 had the highest overall UPF
of6.1. If the front of the face is only considered, the UPF of hats 1, 2 and 3 were 3.8, 3.8 and 4.1 respectively,
but if the rear facial zone is considered the UPF of hats 1, 2 and 3 were 3.1, 5.5 and 8.7 respectively. This
indicates that the hats with a front peak are less effective at reducing the overall UV exposure of the rear facial
zone when compared to a wide brimmed hat.

Table 3 - Facial zone exposure and ultraviolet protection factor for hats under clear sky conditions
{MED.cm· 2
Right Side
Rear
6.1
5.8
2.6
2
2.1
1.1
1.0
0.7

Ex~sure

Hat TYJ?e
No hat
1
2
3

Front
4.6
1.2
1.2
1.1

Left Side
6.6
2.4
2.0
1.0

Total
5.8

UPF

2.0

2.9
3.8
6.1

1.5
0.95

The effect of cloud on the UV exposure to various facial zones under hats 1, 2 and 3 is shown in Table 4. Cloud
conditions were defined as exposure period with the solar disk completely covered with cloud of the stratocumulus type as determined visually by an observer. The UPF ofhats 1, 2 and 3 were reduced by 28%, 18% and
10% respectively under cloudy conditions compared to clear conditions

Table 4 -Facial zone exposure and ultr aviolet pr otection factor for hats under cloudy conditions
Exposure (MED.cm· 2
Right Side
Rear
5.1
5.5
2.7
1.8

Hat TYJ?e
No bat
1

Front ·
3.3
2.3

Left Side
5.2
2.2

2

l.l

1.6

1.9

1.6

6.l

2. 1
3.1

3

0.7

1.0

1.0

0.8

3.5

5.5

Tota l
19.1
9

UPF

The effect of verandah shade on the UV exposure to various facial zones from 09:00 EST to 12:00 EST is shown
in Table 5. The UPF of the shade area in this study was 2.1 for a solar zenith angle of 55° at 09:00 EST and
37.5° at 12.00 EST. The UV exposures received to the face in this study in the shade are remarkably high. The
cooler ambient temperature conditions in the shade of a verandah may prompt people not to adopt sun safe
practices, and they may be at risk of over exposure to solar UV.

Table S - Facial zone exposur e a nd ultraviolet pr otection factor for verandah shade

Full Sun
Shade

Exposure (MED.cm· )
Left Side
Front
4.7
5.5
2. 1
2.5

Right Side
5.6
2.2

96

Rear
6:0

3.4

Total
5.5
2.6

UPF
2.1

Rear (b)

Right Hand Side (b)

Figure 1- Facial distribution of solar UV for (a) no hat clear sky and (b) hat and clear sky conditions. The
contours are in the units of MED
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DISCUSSION
The erythemal UV exposure distribution over the human face was quantified for a variety of situations such as
shade and head tilt. The effect of anatomical shading in areas such as the eye socket has not been estimated in
this research, however the technique provided quantification of the facial UV distribution. It was found that with
an increasing head tilt angle, the UV exposure to the face decreased, while in shade, the UV exposure decreased
to approximately half that in full sun. The style of hat worn ·does have a significant effect on the UV exposure to
various facial zones. It was found that the wider the brim, the more effective the hat is in reducing the UV
exposure to the face. Throughout all of these experiments, it was found that, even with the use ofUV protective
devices such as hats, the UV exposure to the face is remarkably high. All of the recorded values in this research
were above the daily occupational UV exposure limit set ~y the National Health Medical Research Council (10).
It is recommended by the authors that protective devices such as hats are worn in combination with other UV
protective strategies such as sunglasses, sunscreen and sun minimisation in order to reduce the UV exposure to
the face.
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ABSTRACT
Our group has recently proposed that low prenatal vitamjn D may be a risk-modifying factor for schizophrenia.
The central nervous system is increasingly being recognised as a target organ for vitamin D via its wide-ranging
steroid hormonal effects and via the induction of various proteins such as nerve growth factor. The action of
ultraviolet light on a cholesterol metabolite found in the epidermis results in the production of previtamin D.
Vitamin D production is strongly and consistently associated with the duration of the photoperiod, which in turn
is influenced by latitude, season and various climatic variables including cloud cover. The hypothesis can
parsimoniously explain diverse epidemiological features of schizophrenia including the robust finding of
increased schizophrenia births in winter.
Climate variability could impact on vitamin D levels in a population via fluctuations in the amount of available
UV radiation. In order to explore this hypothesis, we looked for patterns of correlation between the Southern
Oscillation Index (SOl) and the birthrates for people with schizophrenia (extracted from the Queensland Mental
Health register and corrected for background population birth rates) for the time period 1920 to 1967.
Preliminary analysis suggests a complex pattern of association, with negative standardized monthly Troupe's
SOl being associated with reduced birthrates of schizophrenia. Further research will attempt to clarify if more
direct measures of cloud cover and hours of sunshine are associated with schizophrenia birth rates.
INTRODUCTION
Schizophrenia is a disorder of brain development that affects 1 in 100 individuals and impacts on cognition,
perception and mood. There is strong evidence to support a genetic vulnerability to the disorder. Nongenetic
factors that have been linked to the disorder include season of birth (increased risk for those born in winter and
spring), and urban birth (two fold increased risk compared to rural birth).
Traditionally, viruses have been proposed as the risk factor for schizophreia that is modified by climate
fluctuations (more viral transmission when colder etc). Recently, our group has proposed that low prenatal
vitamin D may be a risk-modifying factor for schizophrenia (1). In brief, vitamin D induces several important
growth factors required for orderly neurodevelopment (eg. NGF, NT3). Vitamin D fluctuates across the seasons
(lowest in winter) and could explain several of the epidemiological features of schizophrenia. As most vitamin D
is produced as a result of UVB radiation on the skin, the vitamin D hypothesis provides a biologically plausible
link between climate variables that impact on UV radiation (eg. cloud cover and rainfall) and schizophrenia birth
rates. More precisely, the hypothesis suggests that in periods with increased cloud and increased rain, a greater
proportion of the population would have low vitamin D levels. We propose that foetuses exposed to low vitamin
D would have an increased risk of developing schizophrenia in adult life.
If climate does interact with schizophrenia birth rates, then sites with intradecadal climate variability would be
best suited to undertake ecological analyses. The east coast climates of Australia are variously affected by warm
and cold Pacific sea surface temperature episodes, and for Queensland, strong anti-ENSO (or La Nina) phases
are positively correlated with increased coudiness and rainfall (2). Thus we hypothesise that during phases of
strong negative SOl (i.e., El Nino) with decreased cloud cover, fewer people in the population would have low
vitamin D levels. This, in turn, should lead to a fall in schizophrenia birth rates.
The aim of this study was to examine fluctuations in schizophrenia birth rates in Queensland, Australia and to
explore associations between the schizophrenia birth rates and fluctuations in the Southern Oscillation Index. We
hypothesise that there will be a positive correlation between SOl and schizophrenia, indicating decreased
incidence of schizophrenia birth rates during times of negative SOl (i.e., El Nino).
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METHODS
The data were extracted from the Queensland Mental Health Statistics System, a name-linked register which
covers all those treated in public psychiatric facilities throughout Queensland. Date of birth was extracted for
those individuals admitted between 1972 and 1992 who were born in Australia and received a diagnosis of
schizophrenia (lCD 8/9 = 295). A rate per 10,000 was calculated by dividing the number of individuals born in
each month by the total population born in Queensland for the same month. The age of onset curve for
schizophrenia interacts with the period of the register and results in a nonlinear trend (people "born early in the
century may have died or recovered prior to the commencement of the register; people born in recent decades
would be too young to develop schizophrenia). The residual fluctuations after removal of the trend are used here.
The difference in barometric pressure between Tahiti and Darwin as standardized for monthly fluctuation was
used as the measure of SOl. Preliminary analyses of the data included superimposing splines on the raw time
series, spectral density estimations and cross correlation function between the two time series.

RESULTS
Dates of births for 6038 Australian-born patients with schizophrenia were used to generate Figure 1. Note the

quasi-regular oscillations in the rates in recent years. Spectral analyses (data not shown) revealed a significant
oscillation in the 3 to 4 year range.

Residual
Incidence
of Sc!mopbrenia

Year

Figure l: Schizophrenia binb rates 192~1968.

Figure 2 superimposes the SOl curve onto the schizophrenia birth rate. The prominent SOl fluctuation event that
occurred between 1937 and 1943 is congruent with the most prominent fluctuation in schizophrenia birth rates.
The relatively flat profile of SOl activity between 1927 and 1936 also correspondences to the flattest element of
the schizophrenia time series. Both time series have prominent oscillations in the 3-4 year range between 1946
and 1960. Figures 2 shows the cross correlation function between the two time series. Schizophrenia birth rates
and SOl are positively correlated at all time points, with the strength of the association reaching significance (p
<0.05) at lags of 4 and 5 months. In other words, the SOl value is positively correlated with schizophrenia birth
months 4 and 5 months later. These data suggest that positive SOl during the second trimester of pregnancy is
weakly associated with increased schizophrenia birth rates.
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Incidence of Schizophrenia and the Southern Oscillation Index
Residual
Incidence
of Schizophrenia .

SOl

~

~

3.0
~

w

1.5

10

2.0 .................................................................................................................. _................ _..................
1.0
~

0

0.0
-0.5

·10

-1.0

-1.5
-20
-2.0 .........................................................................................,_.............- ............................- ..............
-2.5
-30
-3.0
-3.5
-40

w

u

~

n

H

~

~

~

~

ro

~

~

~

Date
Thin line :raidual iDcidence or Schizop~nia
Thick U~: residual SOl

Figure 2. Superimposed times series for schizophrenia and the Southern OsciUation Index.

SOl & Schizophrenia birth rates

.1

::l

e

·.1

Confidence Limits

u

-9

-7
-8

-5
-6

-3
-4

3

-1
-2

0

2

5

4

7

6

9

8

Lag in months
Figure 3. Relationship between SOl and schizophrenia birth rates at various lags (in months)

DISCUSSION
We report, for the first time, a schizophrenia birth rate time series that shows regular, intradecadal fluctuations.
The data suggest that there are nongenetic risk modifying variables for schizophrenia that fluctuate across the
years. Our preliminary analysis has identified a periodicity of 3-4 years in schizophrenia birth rates. Climate
variables with similar periodicity, therefore, should be examined as candidate risk factors for schizophrenia. The
relationship between SOl and schizophrenia birth rates was positive for all lags examined (an extremely unlikely
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event to occur by chance). This suggests that SOl is acting as a proxy variable for a risk-modifying factor that
can impact both during the prenatal and postnatal periods. The strength of the correlation reached statistical
significance when there was a delay of 4 and 5 months between SOl and the date of birth. If we assume that all
births occur at term (nine months gestation), this locates the exposure in the 4th and 5th months of gestation. In
other words, foetuses in the second trimester are at maximum risk from the SOl-related risk factor. The timing
of this exposure is plausible as the second trimester is a critical period for neural proliferation and migration.
Of interest, the large SOl fluctuation between 1937 and 1943 coincides with a major fluctuation in schizophrenia
birth rates. Curiously, similar fluctuations in schizophrenia birth rates during these years have been reported for
Scotland (3) and certain states of the USA (4). We speculate that global climate factors, for example ENSO
teleconnection patterns, or perhaps such solar forcing functions as the Svensmark (5) effect, may have impacted
on schizophrenia birth rates during these years. However, other factors related to World War II also need to be
considered as candidate risk factors (such as changes in diet, changes in behaviour etc).
Based on the Vitamin D hypothesis, we are currently exploring the interaction between hours of sunshine, cloud
cover and number of rainy days with respect to schizophrenia birth rates. Future studies will examine patterns of
correlation between climate data and schizophrenia based on various Northern Hemisphere data sets.
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ABSTRACT
The need to investigate possible dose-dependent effects by solar radiation (sunlight) is important, especially for the
climatotherapeutic treatment of patients with psoriasis. Additionally the reduction of bone density of patients with
osteoporosis is caused among other things by the lack of sunlight, which produces a vitamin D3 deficit. In both cases
- for the treatment of psoriasis and osteoporosis patients - sunlight is one of the main therapeutical factors.
During climate cure treatment in moderate altitude (Davos, 1600m .asl), low mountain range (800m asl) and on the
sea level (Sylt) a total of 73 psoriatic patients and 40 patients with incipient osteoporosis without fracture of
vertebral body were exposed to natural sunlight (whole body exposure). According to the total UVB dose of the
patients, the heliotherapy groups were formed. The vitamin D3 concentration were compared to the result of a
control group (less sunlight exposure).
The results demonstrate that the UVB part of the sunlight activates the synthesis of vitamin D3. After three weeks of
therapy a significant increase of vitamin D3 levels for all heliotherapy groups were obvious, but only in the high
mountain region and on sea level during summertime the values between the heliotherapy and control group
differenciate significantly.
INTRODUCTION
An increase of vitamin D3 synthesis is caused by artificial UVB radiation. The change of vitamin D3 level, which is
influenced by solar radiation (= sunlight), is only known in case of epidemical research. There are still existing no
experimental datas. The need to investigate possible sunlight effects is important, especially for the climatotherapy
treatment of patients with psoriatic vulgaris diseases. In this case sunlight is one of the main therapeutical factors.
One assumes that the proved supression of skin proliferation after heliotherapy takes place through the vitamin D3
formation (1,25-Dihydroxivitamin D) by UVB. Also other results point in the same direction, in which a reduction of
the complaints reported by psoriatics treated with topical and oral application of vitamin D3 (Araujo et al. 1991).
The application of artificial UVB radiation and heliotherapy is important in relation to the prevention and therapy of
osteoporosis too. The reduction of bone density and structure is caused, among other things, by the lack of sunlight
which produces a vitamin D deficit. The vitamin D3 synthesis is only created through short-wave UVB radiation, not
however with the longer waving UV. The provitamin D3 becomes synthesized into the basal layer of the epidermis.

Under the influence of UVB radiation as intermediate product previtamin D3 is initially produced. It arises in the
skin into vitamin D3 and get metabolised and activated into liver and kidney during several days. Unfavourable
clothing habits, sun screen lotions, predominant stay indoor as well as air pollution can reduce the vitamin D3
synthesis. The vitamin D3 level is subject to seasonal fluctuations: During summertime vitamin D levels increase,
during the winter they decline.
METHODS
1. High mountains:
During a four week study in Davos, 40 psoriatic patients were exposed to natural sunlight without clothes (whole
body exposure) at the sunbathing roof from the hospital. The extension of sun baths was recorded in a daily diary.
The radiation dose of the heliotherapy group was recorded retrospectively with the help of data, recorded at The
World Radiation Center ofDavos. At this institute solar UVB radiation from the hemisphere, which reaches the
ground, is measured with an UV Biometer, which spectral sensitivity comparable to the sensitivity of human skin.
This UV Biometer indicates the UVB dose in MED. According to the total UVB dose of psoriatic patients, two
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groups were formed: 26 patients got an average dose of 41 MED during the therapy. This corresponds to an average
therapeutical total dose of867.3 mJ/cm2. The 14 patients of the control group got only a total dose of6 MED,
respectively 128 mJ/cm2.

2. Low mountain range:
At a special climate cure treatment in 800m as! patients with incipient osteoporosis without fracture of vertebral
body were exposed during 4 weeks to heliotherapy (e.g: sunlight, n=2l ), to artificial UVB radiation (Eurosun S3,
Wolff Systems, n=l3) as well as to a combination of heliotherapy and artificial radiation (n = 13). The vitamin D3
levels were compared to the results of the control group (n = 13). The dosage of the radiation was carried out
according to the individual skin type with help ofearlier presentations (4) for natural outline or in accordance with
the dosage recommendations for the artificial UV source Euro Sun S3. The spectrum of the Euro Sun S3 lamps used
already starts in the UVB area at 290 nm where the maximum skin sensitivity for erythema is located and the highest
biological effectiveness (295 nm) of vitamin D synthesis is found.
3.Sea:
Subject to 33 patients of a dermatological clinic (Asklepios Nordseeklinik) on the island Sylt in the North Sea during
the summer months became included in the essay. The patients were divided up into 2 groups into dependence of the
four week therapy regime: This "heliotherapy group" (n = 9) underwent therapeutic whole body sunbathing. These
participants exposed themselves in the direct sun on average 39 hours without clothes on the beach ("therapy dune").
The "leisure time sun group" (n = 24) didn't take part in the whole body exposure but otherwise got the same therapy
regime. These patients exposed themselves to the sun only during there leisure time activities. They stayed outdoors
for an average of 46 hours during the 4 weeks stay during sunny weather.
In all groups on the first day of arrival and after 4 weeks blood samples were collected for the determination of

Vitamin D (25-0H-Vitamin-D). The criterion for assessing differences was a significance level of 95% All results
less than 95% are labelled as "not significant" (n.s.). For the check of the single similarities between the heliotherapy
groups the student-t-test for two independent sample test was used. For the remaining analyses of the student-t-test
was employed for dependent samples test.

RESULTS
l~ Higb·mountains:

Both groups showed comparable starting values. After a four week sun bath treatment the heliotherapy group
demonstrated a significant (p < 0.001) increase of vitamin D3level by 36,6 ng/mL from beginning 25,8 to 62,4
nglmL (fig. 1). The data of the control group didn't change at all. The difference between heliotherapy and control
group is.statistically significant (p < 0.05)
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Figure 1: Study at high mountains (Davos, Swizerland, 1600m asl). Vitamin D3 level in serum (nglmL).
Psoriatic patients; heliotherapy group (n = 26); control group: no sun baths (n = 14). Heliotherapy in the
beginning and after 4 weeks.
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2. Low mountain range:
All patients of these four groups demonstrated a comparable mean value of vitamin D of23, 24, 25 and 29 ng/mL
(fig. 2). Thirteen patients who didn't expose themselves to the sun had an increase of vitamin D3 of22 ng/mL to 45
ng/mL. This rise ofthe vitamin D3 synthesis is already significant (p < 0.001 ). Those 13 patients who underwent the
artificial UV treatment showed a final increase in serum level of vitamin D level of 40 ng/mL to 64 ng/mL (p <
0.001 ). The vitamin D3 levels rose significantly (p < 0.001) also by exclusive natural sunlight exposure
(heliotherapy) of35 ng/mL to 60 ng/mL. The combination of heliotherapy and artificial UV treatment produced an
increase of vitamin D3 levels of 38 ng/mL to 67 ng/mL (p < 0.001 ). In comparison with the control group, the group
with artificial UV treatment nearly doubled the increase in vitamin D3 levels (p < 0.05). The combined group of
natural and artificial UV treatment demonstrated a significant increase (p < 0.05). The difference of 14 ng/mL
between control and heliotherapy group at the end of the therapy was statistically insignificant (p = 0.08).

Figure 2: Study at low mountain range (Willingen, Germany, 800m asl) Vitamin D3 level in serum (ng/mL).
Patients with incipient osteoporosis. Control group: no radiation at all (n = 13); artificial UV-B radiation (n =
13), helio-therapy (n = 21) and combined exposure to natural and artificial sunlight (n = 13). Beginning and
end of the therapy after 4 Wochen.

3. Sea:
The patients of both sun groups showed comparable starting values. At the end of the 4 weeks study the heliotherapy
group demonstrated a highly significant (p < 0.001) increase ofvitamin D3 levels of2.05 ng/mL to 48.4 ng/mL. The
leisure time group also showed a significant (p < 0.05) increase of27.8 ng/mL to 39.7 ng/mL (fig. 3).
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Figure 3: Study on the North Sea (Island Sylt, Germany, sea level). Vitamin D3 level in serum (ng/mL).
Psoriatic patients (n = 33). Heliotherapy group (n = 9); leisure sun group (n = 24): only leisure time sun
exposure. Heliotherapy at the beginning and after 4 weeks.
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DISCUSSION

These present results are demonstrating, that not only artificial radiation but also heliotherapy leads to an increase of
vitamin D3 in serum. The solar UVB part of the sunlight activates the synthesis of vitamin D.
The increase of the vitamin D levels in high mountains in patients undergoing heliotherapy in this study was 37
nglmL. This was higher than the increase of 25 nglmL found in an earlier study (2) with 20 osteoporosis patients,
who underwent an artificial· suberythema UV treatment twice a week.
Due to its altitude (1600m asl) Davos shows particularly favourable conditions for heliotherapy: The water vapor
pressure and the aerosol density of the air are reduced; therefore there is a gain in UV radiation. UV intensity
increased by about 30% per 1OOOm of altitude. The dose of direct ·radiation at sea-level is almost just as distinctive
as in the high mountains since the short-wave radiation, which reaches the ground, amounts only to 50% of the direct
sun radiation and the rest mainly reaches the earth by diffuse scattered radiation from the hemisphere. Spending the
same time in the sun produces a much higher UVB dose in the high mountains and on the sea than low lands or low
mountain range.
The significance of the results in the low Mountain range study was limited by the small sample size of the exposure
group. In addition there are no data existing for the dose of natural sunlight treatment with patients undergoing a 3
week heliotherapy program (only cumulative data are given). At the altitude of 800m, where the study took place,
there might be the problem, that the UV intensity and the chosen exposure time is not enough to get a significant
therapeutical effect of increased of vitamin D - especially if there is already a vitamin D deficiency. But this
therapeutical effect could only be reached by using an artificial UV radiation additionally.
In sea level study, the group of patients who underwent heliotherapy program without clothing showed the strongest
effect, but the leisure time group,.who were more covered, also showed a relevant increase of vitamin D3

The increase of vitamin D3 level for heliotherapy at high mountains and at sea-level is both statistically and
therapeutically significant in magnitude. It shows a relevant effect that is reached with old people's home residents
after one-year supplementation of8QO.JE.vitalniD' D3 ~3)..
From the preventative perspective, exposure of patients with incipient osteoporosis to heliotherapy or artificial UV-B
radiation is. recommended. About 10%. of the vitamin D will be resorbed from the olood and stored in fatty tissue and
liver to- be used 0\ler se.v.eral month&.
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ABSTRACT

The paper presents results of research dealing with the influence of outdoor thennal conditions on circulatory and
respiratory diseases. Simultaneous climatological and medical observations were carried out in Warsaw (Central
Poland) and in Zakopane (Tatry Mts., Southern Poland). In one outpatients' surgery in Warsaw the physicians
registered patients with asthenia of respiratory and circulatory systems. However, in Zakopane infarct patients
were registered in the hospital. Heat balance in man was calculated with the use of the MENEX model. We have
observed significant (95% probability level) relationships between net heat storage in man (S) and daily number
of respiratory patient in Warsaw. Correlation between Sand circulatory patients was significant at the 90% level.
We have noticed that risk of infarct has increased during intensive fluctuations of net heat storage in man.
INTRODUCTION

Human health depends on various factors: epidemiological, physiological, genetic, environmental to mention a
few. Most of these factors are influenced by atmospheric conditions. Some papers refer to relationships between
human health - physical and mental - and environmental ·conditions (1, 2, 3, 4). Special interest is paid to
seasonal fluctuations in total mortality as well as in mortality and morbidity caused by circulatory and respiratory
diseases (5, 6, 7, 8). The aim of this.paper is to assess the relationships between daily changes of the human heat
balance on the risk of infarct as well as of respiratory and circulatory illnesses.
METHODS

Two series of medical and meteorological observations were carried out. In the first one the infarcts in the
Municipal Hospital in Zakopane (Tatry Mts., Southern Poland) were registered from January 1990 till December
1991 and from September 1993 till December 1994. More then 500 infarct patients were attended in the hospital.
Daily values of meteorological elements (air temperature and humidity, wind speed, cloudiness, air pressure)
were measured at the local station. We have assumed 3 risk levels of infarct: small- with 2 infarcts during two
succeeding days, average - with 2 infarcts per day or 4 infarcts during three succeeding days, and great - with 3
infarcts per day or at least 4 infarcts during four succeeding days.
In the second series the medical and meteorological observations were made simultaneously from July 1994 till
December 1995 (18 months) in Warsaw. One outpatients' surgery was chosen in the studies. Physicians have
classified disease of each patients as one of 17 illnesses. They represented asthenia of respiratory, circulatory,
urinary, digestive and skeleton systems. Every day of the week 80-120 patients were received. Daily observations
of meteorological elements (air temperature and humidity, wind speed, cloudiness, air pressure) were the base for
the calculations of the human heat balance components. The daily number of patients with respiratory and
circulatory diseases were compared with S values which were noted 2 and 3 days earlier.
For the both series of observations the net heat storage in man (S) was calculated with the use of manenvironment heat exchange model MENEX (9) with the use of the following fonnulas:

S = 2.76 Ta- 4.77 v- 29.8

- at wind speed :s; 4 m s' 1 or

S = 2.30 Ta- 0.50 v- 35.3

- at wind speed> 4 m s· 1

where: Ta is air temperature (in °C) and vis wind speed (in m s' 1).
All statistical analysis were made with the use of ANOV A statistic.
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RESULTS
It was also observed that average and high infarct risks were associated with the significant S changes from day to
day. The most frequently significant increase of infarct risk was noted during the periods with temporary but
intensive fluctuations of net heat storage. The stress impulse was both, sudden increase and sudden decrease of S.
For example, from 20 till23 August 1990 seven infarct patients were hospitalised and from 1 till6 October1990I 0 patients with infarct symptoms visited hospital. During those periods the net heat storage fluctuated within the
range of +15 - -15 W m·2 (Fig. I).
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Fig. 1. The level of infarct risk and net beat storage in man (S) in Zakopane during two selected periods in
August 1990 and October 1990; risk levels: 1 - small, 2 - average, 3 - great (in parenthesis number of
infarct patients per day)

In general, considering infarct patients in Zakopane we have found 33 cases of high risk, 54- of average and 71
low infarct risks. Mean values of net heat storage in man observed during the days classified as risky for
2
infarct were -23.4, -16.6 and - 12.8 W m· , respectively. However, only the meanS values of small and great
infarct risk are statistically significant on 95% probability level (Table I).

Table 1. Mean values of net heat storage in man (S) and its standard deviations (STD) at various
intensity of infarct risk
Infarct risk intensi!Y_
Small
average
great

number of days
71
54
33

MeanS (W m"2)
-12.8
- 16.6
-23.6
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STD (W m"2)
18.2
18.7
19.0

Considering the respiratory and circulatory patients in Warsaw we have observed seasonal changes of their
number (Fig. 2). The greatest frequency of respiratory patients (600-1 000 monthly) was noted during the Winter
seasons (November-April) and the smallest one - in the Summer months (200-300 per month). The amount of
circulatory patients was relatively constant over the whole year (500-800 per month).
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Fig. 2. Monthly frequency of patients with circulatory and respiratory diseases in the outpatients' surgery
in Warsaw, July 1994- December 1995

Daily numbers of patients of both group changed according to the fluctuations of meteorological conditions and
net heat storage in man. Very clear increases of respiratory patients were observed 2-3 days after the weather
involving great imbalances between human heat losses and heat gains. It was noted mainly at great heat deficit
(negativeS values). However, slight increase of respiratory patients was also registered during the days with great
heat surplus (positiveS values). The correlation is statistically significant on 95% probability level (Fig. 3).

r= 0.643
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Fig. 3. Relationships between net heat storage and daily number of respiratory patients, Warsaw, July
1994- December 1995
The greatest number of circulatory patients (on average about 35 per day) was observed at net heat storage equal
to zero. During the weather with great heat surplus and great heat deficit the visits of circulatory patients were
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considerably less frequent .(20-25 per d~;y). ·Correlation coefficient is lower ·then for respiratory .patients.
However it ,is ·statisticatly:swuficant on-90%.probability1ev.fil (Fig. 4).
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Fig. 4. Relationsblps ibetween net 'beat ·storage .and -daily :number .of cir.culatocy patients, W.arsaw, .July
t9.94·-i0ecelllber 11995

·DISCUSSID.N
The results obtained .in .Zakopane point to significant increase ·in .infarct risk at low-values of·net ·heat ·storage in
man. They cerrespond with the observations .carried out in Sweden ..(7) and in Finland '8). The authers noted
significant increase in coronary mortality during ihe cold seasons and days. -8earchi11g for the explanation of 1his
phenomenon it seems that .the vasoconstriction which occurs in cold conditions as a p~ysiological mechanism
against overcooling This may be one of the possible fa.ctors causing infarct risk
Circulatory diseases in Warsaw are rather weakly correlated with net heat storage in man. Slightly bigger
frequency of circulatory patients in thermoneutral conditions then at heat surplus or heat deficit can be explained
by intensive physiological load of circulatory system during adaptation of an organism to heat or cold to achieve
its heat equilibration. At cold and hot weather conditions the circulatory system was 1ess loaded then in
thermoneutral ones. It is probably caused by the lack of sufficient physiological regulation of heat balance which
lead to heat surplus or heat deficit of an organism (2).
On the other hand, unbalancing of heat exchange is accompanied by the increase of respiratory diseases. The rise
of respiratory asthenia at cold conditions is rather common (2, 5). However, increase of respiratory patients
during hot weather associated with great heat surplus in an organism is probably involved by draughts in houses,
public transport etc. During hot weather the people are generally all of sweat and they open the windows or air
conditioning to reduce heat stress. It leads to intensive local cooling of the human body ( 10). The great heat
variability over the body is probably the reason of the rise in patients suffering from a cold, e.g. on catarrh,
bronchitis or even pneumonia (4).
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ABSTRACT
For climatotherapy, altitudes between 800 and 2000m are relevant. At these moderate altitudes blood coagulation
status is very important e.g. for thrombosis risk patients or anticoagulated and hypertonic patients. In our pilot
investigation the influence of moderate altitude on coagulation parameters was examined: 13 rehabilitation patients
performed a three weeks stay at 1600m above see level (Davos). Nine control patients stayed at 600m altitude,
receiving the same treatment. The patients who stayed at 1600m for 3 weeks demonstrate a significant 12% decrease
of Quick, increase of prothrombin time (from 26,4s to 29,5s). The results of control remainded. The fibrinogen has
been reduced as well (87 ngldL), but not significant compared to controls (72 ngldL). Other parameters revealed no
differences between the two groups. The result agrees with earlier examinations in moderate altitude, but it is
contradictory to the results of studies carried out in high mountain areas above 4000m.

INTRODUCTION
The high mountain climatotherapy is carried out in moderate altitudes between 800 und 2000m above sea level (asl).
It is used for the prevention and the treatment of numerous symptoms. This also includes skin and respiratory tract
diseases as well as heart circulation illness primarily. During a stay in high altitudes between 3500m and 8000m as!
the physiological and pathophysiological changes were already examined. The results were summarized in current
reviews. At therapeutically relevant altitudes the influence of some parameters of the local climate were examined
too (e.g. Inama et al. 1975; Schuh 1993). But there are still clear deficits existing in our understanding of this
subject: there are neither controlled studies on the influence of the change in different altitudes, nor on a stay lasting
some weeks at moderate altitudes. However this knowledge could play an important role for patients with
thrombosis risk, anticoagulated or hypertonic persons. During Himalayas or Anden expeditions examinations of
altitude sickness as well as thrombosis genesis show that blood coagulation increases (e.g. Bartsch et al. 1989). It is
known that hypoxia leads to an increase of the erythropoesis and to a decrease of the plasma volume. However until
now there has been no final proof has been received, that besides the increase of haemoconcentration (Friedman et
al. 1998), a hypercoagulation also takes place (Le Roux et al. I992). For moderate altitudes only three older papers
are published. They were not controlled and descriptive in nature. Schonholzer and Portmann (1948) as well as
Muralt and Hirsinger ( 1948) were the first, who examined the coagulation factors during the change in different
altitudes and during the stay at 3450 m (Jungfrauenjoch). Both working groups found a delay of coagulation.
Holzknecht and Spottl (1975) confirmed this result. They documented a prolongation of the blood clotting time
during a four-week stay at 2000m asl. Medical experiences and single observations at moderate altitude health
resorts leads in this direction too.

METHODS
The influence of altitude on the blood coagulation was examined during a three-week stay in l600m as! (Davos,
Swizerland). 13 rehabilitation patients (8 men, 5 women, average age 47 years) were accommodated in a high
mountain hospital ("Ziircher Hochgebirgsklinik Davos-Clavadel"). A control sample (6 men, 3 women, average age
41 years) stayed in 600m above sea level ("Rehaklinik Bellikon"). The patients of both groups were healthy in regars
to their cardio-vascular system. They received comparable therapies in both hospitals. Exclusion criteria were
serious general medical illness, pregnancy, nursing period, contraception, anticoagulation therapy and the intake of
diuretics. The venous withdrawal of blood took place on the 2nd day and after 3 weeks (in the morning, fastening).
The samples became immediately centrifuged and frozen at -20 °Celsius. The analysis of Quick value resp. ·
prothrombin time, partial thromboplastin time, thrombin time and fibrinogen (Hepato Quick, Roche Diagnostics,
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normal range: 71 - 95%) was carried out with standardized methods ("Preciclot", Roche Diagnostics) from the
Institute of Medical Balneology and Climatology of the University of Munich. The Quick value is indicated in %. A
decrease of the Quick corresponds to an increase of the prothrombin time (within seconds) and INR ("International
Ratio", Turgeon 1993). Partial thromboplastin time and thrombin time are expressed in seconds, the fibrinogen in
ng/dl. A significance level of p < 0,05 was elected. For the check of the difference between the two groups the
student-t-test for independent samples was used. For the other evaluations the student-t-test of coherent samples is
valid.
RESULTS

During a 3 weeks stay in 1600m as! a diminution of Quick value carried out by 12% from at first 89,7 to 77,5% at
the end (p < 0,05) (fig. 1). It came therefore to a prolongation of the prothrombin time from 26,4s to 29,5s. The INR
was increased correspondingly from 2,7 to 3,0. The parameters of the control patients remained unchanged. Both
groups were different from each other significantly at the end of the program. The changes of the partial
thromboplastin time and the thrombin time was equal in both groups (e.g. partial thromboplastin time: slight increase
by 0,7 seconds, n.s.). The fibrinogen value of the Davos patients removed signifcantly by 87 ng/dL (p < 0,05). At
control this value is removed by 72 ng/dL (n.s.).
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Figure 1: Quick value at the beginning and the end of a 3-weeks climatotherapy treatment in 1600m above
sea level (n=13). Control group in altitude of 600m (n=9).

DISCUSSION

The patients who stayed at 1600m asl showed a clear diminution for the Quick value and an increase of the
prothrombin time. Because of the low numbers of patients these results suggest that the clotting in 1600m asl is
reduced, opposite to lowlands. The decrease of the blood coagulability was protected statistically by prothrombin
time (Quick). The result is reproduced, although not significantly, for fibrinogen, but not for the partial
thromboplastin time.
The result agrees nevertheless with the experiences of earlier examinations: after going up to 3400 m as! Muralt et al.
(1948) found an increase of coagulation time after the second day. During the stay the coagulation lasted on average
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25% longer than in the lowlands. Schonholzer (et al. 1948) even found a 29 % longer clotting time than in the
lowlands. Inama and Halhuber (1975) exercised 14 hypertonies in lowlands and during a 4-weeks terrain cure
program in an altitude of 2000m. Physical activity during the terrain cure already leads to an increase of the clotting
and the fibrinolysis (review Schobersberger et al. 1993). The working group nevertheless found a constant and
significant delay of the complete clotting at this altitude. The authors suggested that the prolongation of clotting is
caused essentially by plasma factors or an activity reduction offactor X.
The climatic conditions of the moderate altitudes (2000m) are similar to those in passenger aircrafts. Therefore the
results of the earlier studies and our examination could be compared with results of flight medicine. But there is
hardly a study which deals with coagulation: A working group describes an amplified blood clotting of armed forces
pilots after flights with fighters (Biondi et al. 1996). Though these flights took place only in I OOOm as! and with very
high speed. The risk of thrombosis during long-distance flights might also be the result of mechanical venostasis due
to immobility ("economic class system") primarily (Paganin et al. 1996). The increase of haematocrit in addition
suggests a broader cause. It results from the low atmospheric humidity combined with low fluid uptake (Eklof 1996)
and from hypoxia which follows reduced cabin pressure (James 1996). An activation of the clotting wasn't found
however. In addition, some work or literature reviews describe a frequent occurrence of thrombosis during long car
or bus journeys (e.g. Milne 1992). But the venostasis by direct compression is probably responsible here as well.
Our pilot study only deals with changes of coagulation during stays at moderate altitudes but not with the reactions to
a sudden change in altitude. More detailed evaluations of these data are the subject of follow-up studies.
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ABSTRACT
In this paper we aim to classify the relationship between emergencies and weather types by presenting the
summer and winter cases of patients that present to the emergency room of a hospital located in the city of
Buenos Aires, Argentina. The hospital data have been sorted in 7 different diagnostic groups as follows: 1)
Respirators, cardiovascular and thorax-pain illnesses; 2) Digestive, genitourinary and abdominal illnesses; 3)
Neurological and psychopathological disorders; 4) Infections; 5) Contusion and crushing, bone and muscles; 6)
Skin and allergies and 7) Miscellaneous. In summer, the linear correlation between the daily mean values of all
meteorological variables and the total emergency assistance, shows significant positive coefficients for group 6)
with the temperature and the dew-point temperature, but negative with sea level pressure in the same day. It
could be inferred also that in general, a maximum biometeorological index value accompanies or precedes a
peak in demand for emergency room assistance. A maximum on temperature precedes by 2 days a maximum of
group 6 assistance, air pressure 4 days, and dew point temperature one day. The wind intensity precedes 2 days
group 2 and strong events one day on group 3. In summer, there are more significant cases of assistance in a
'normal' weather type day in group 2, and more significant cases in a warm-wet day in group 5. In winter there
are more significant cases in a warm-dry day in group 5. We consider that the results are relevant enough to
encourage us to continue in this way, with the final goal of creating a weather-forecast based alert system for
emergency rooms.
INTRODUCTION
It is now confirmed that there has been a worldwide increase in the prevalence of asthma and other allergic
diseases, especially in industrial societies (I), related to anthropogenic and weather factors, primarily to extreme
weather events. A frequent criticism of weather-mortality studies points to certain cultural adjustments through
time that may have an impact on the relationships, such as the lessened exposure of people to extreme weather
due to the increasing use of air conditioning (2). In this same way, there are some studies that relate the extreme
heat waves with mortality (3, 4, 5).

Few studies relate the relationship between weather and various diseases in Argentina. The main reason for that
is owing to the non-existence of available databases. Hoffmann et al (1983) (6) perform a detailed study over
asthmatic patients in Rosario, Argentina, during a year. They find that there is an increment of cases of asthma
coincident with the beginning or the end of different synoptic situations, like a 500 hPa. trough . Most of the
previous studies are related to a special disease like asthma. Other cases (7) determined the relation between
emergency cases and meteorological variables in Bahia Blanca, south of Argentina. Rusticucci et al (1996) (8)
related hospitalisations for different causes with meteorological variables. They found that there was a close
relationship between the persistence of higher minimum temperatures and the number of hospitalised patients.
In this paper, we aim to classify the relationship between emergencies and weather types by presenting the
summer and winter cases of patients that present to the emergency room of "La Sagrada Familia", a hospital
located in Buenos Aires, Argentina.
RESULTS
We have had to start the study by entering the emergency room data to a database. The first period considered
here is the 1996-97 summer, from December ls1 to February 281h. The second period considered is the 1996
winter, from June 1st to August 31st. The total sample size was 2074 cases for summer and 2476 cases for winter
after cleaning the database by extracting spurious cases. Because of the hospital is located in the inner Buenos
Aires city and most of the subjects live there, the proper meteorological data to use in this research is the hourly
data from the Observatorio Central Buenos Aires station considering all variables in a first step. The daily mean
values have been calculated with hourly observations.
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The exploratory inspection of weather data shows that December and January are warmer and wetter than the
1981/90-averaged values and with lower pressure values. Mean values are close to the 1981/90 averaged
maximum. February appears slightly colder and drier than decadal means. The march of the series shows
January as the warmest month and February as the most variable one for the period. For winter instead, June and
July are slightly colder and drier than decadal means and with higher-pressure values. August is noticeably
warmer and wetter than the 1981/90-averaged v~lues.
The hospital data have been sorted in 7 different diagnostic groups as follows (totals for summer and winter
respectively are in brackets): 1) Respirators, cardiovascular and thorax-pain illnesses; 2) Digestive, genitourinary
and abdominal illnesses; 3) Neurological and psychopathological disorders; 4) Infections; 5) Contusion and
crushing, born and muscles; 6) Skin and allergies and 7) Miscellaneous. The total cases in each group is shown
in the Figure 1. Comparing these totals, it can be inferred that in winter there are 16.7% more patients than in
summer, nevertheless, in group 2 there are 54% more cases, and in group 6, 75% more cases in summer than
winter.
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Figure 1: Sample size broken down by diagnostic group

We have calculated the daily mean values of temperature, dew-point temperature, dew-point depression, sea
level pressure, visibility, wind speed and the daily calm frequencies, and four daily wind-direction frequencies
(north, east, south and west).
As a first exploratory analysis of the relationship between the variables, we have calculated the linear correlation
between the daily means values of all meteorological variables and the total emergency assistance at lag=O. The
summer linear correlation shows significant coefficients at 95% of confidence in these cases: for group 6)
positive with the temperature and the dew-point temperature while negative with sea level pressure. Both groups
2) and 3) show positive coefficient values with the calm frequencies. For winter, for group 6) the linear
correlation is significant and positive with the temperature as in summer. Group 2) has significant positive
coefficients with the temperature, the dew-point depression and with easterly winds. For the resting groups,
correlations are not significant.
A spectral analysis applied to the emergency room data series shows a 7-day wave. The total amount of summer
emergency cases has a weekly wave with a maximum on Monday and a minimum on Saturday while the winter
weekly wave has a maximum on Monday and a minimum on Sunday. These waves could be due to a spurious
process owing to either the patients are not in the city during the weekend or they wait until Monday to go to
hospital, so it is desirable to be filtered out.
For every group in summer and winter we have evaluated the presence of the weekly wave. These waves present
different maximum and minimum between them and with respect to the total assistance series. As the extrameteorological factors are desirable to be removed from assistance data, the weekly wave is filtered out for every
group, by extracting the mean weekly wave for each group, normalising data as 'anomalies'.
The correlation between the group anomalies and the meteorological parameters for summer turn out to be lower
than when using total assistance. The major correlation coefficients are encountered between the group 6) and
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the temperature, dew-point temperature and pressure, even without filtering. The significant correlation that
appeared in group 2) and group 3) with daily calm frequencies, is lost after filtering out the weekly wave. This
would indicate that the weekly wave presence was giving a spurious correlation. For winter instead, the
significant correlation coefficients remain for group 6) with temperature and for group 2) with temperature, dewpoint depression and easterly winds. (Tables I and 2).

Table 1. Correlation between the meteorological parameters and the group anomalies for summer.
Bold/Italic: 95% significance.

Anom 1

Anom2

Anom3

Anom4

Anom 5

Anom6

Anom 7

T

0.02

-0.02

0.09

0.03

-0.06

0.35

0.18

Td

-0.08

0.02

0.10

-0.10

0.05

0.27

0.09

p

-0.09

0.19

-0.11

-0.11

-0.08

-0.27

-0.20

T-Td

0.15

-0.04

-0.03

0.17

-0.14

0.04

0.09

Wind Speed

-0.10

-0.13

-0.14

-0.17

0.17

-0.12

0.01

Calm

-0.01

0.17

0.21

0.04

-0.20

0.12

0.05

North

0.20

-0.03

0.00

0.08

-0.17

0.14

0.25

East

-0.16

0.09

-0.02

0.00

0.03

0.00

-0.11

South

-0.11

0.06

-0.06

-0.12

0.13

-0. 16

-0.10

West

0.15

-0.29

-0.01

0.07

0.08

0.01

0.00

Table 2. Correlation between the meteorological parameters and the group anomalies for winter. BoldItalic: 95% significance.

Anom 1

Anom2

Anom3

Anom4

Anom5

Anom6

Anom 7

T

0.11

0.28

-0.02

-0.07

0.05

0.27

0.15

Td

0.13

0.14

-0.06

-0.05

-0.05

0.19

0.16

T-Td

-0.03

0.27

0.06

-0.04

0.18

0.16

-0.01

p

-0.16

-0.05

0.08

0.12

0.01

-0.10

-0.19

Wind Speed

0.00

0.11

0.09

0.10

-0.08

-0.12

0.21

·calm

-0.06

-0.10

-0.15

-0.06

0.03

0.17

-0.05

North

-0.02

0.10

0.00

0.05

0.10

0.18

-0.04

East

-0.05

0.28

0.15

0.05

-0.13

-0.02

-0.04

South

0.04

-0.12

0.07

-0.14

0.02

-0.13

0.10

West

0.07

-0.18

-0.11

0.12

-0.01

-0.15

0.00

~
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From the analysis of the summer group anomalies, we observe that the lowest number of patients for group 6)
happens in Fel:iruary and its maximum during December and January, in concordance with the temperature
anomaly cycle. The same is also observed in winter.
Every patient-group has also been 7day-Iag correlated with the weather parameters. In Tables 3 and 4 the
significant correlations are indicated, with the lag and the sign of the correlation. There are some other
significant correlations in higher lags, but at this point we consider them as spurious.

Table 3.: Lags and sign of the correlation (95% significant). Summer
T

p

Td

Anom2·

Calm

(-)2, (+)1

(-)1

(-)1

Anom3
Anom 6

Wind Int

(+) 2, 1, 0

(+)1, 0

West.

(+)2,1

(-)4,3,2,1,0

Table 4: Same as Table 3 for winter

Anom 2

T

Td

P

(+)1,0

(+)2,1

(-)r

In summer the group 3 shows an indication of a relation with wind that should be better analysed and the relation
with group 2 could be summarised as 'highly variable weather'. The group 6 is the mostly related with these
parameters and they could advance a maximum on this type of case. In winter only group 2 seems to be weather
-related.
We also use two biometeorological indexes (IRE, TEF), each of which has two thresholds, giving an indication
of their intensity and possible reactions in human health (9) in summer. Both indexes consider the temperature
and the dew point temperature. We calculated them and the mean daily anomalies over both thresholds were
used to correlate with the group series. They were called 'anom_tef' over the first threshold of TEF index, and
'anomtef2' over the more restricted. The same methodology was used for the IRE index. We also apply two
indexes suggested by Kalkstein and Davis (1989) (2). CDHT, which represents a measure of the day's warmth
and the equivalent CDTHd, calculated with dew point Temperature.
It could be inferred that in general, maximum index values precede a maximum number of cases. Only days with .
a value over the threshold were computed. Only the group 6 was significantly correlated with the first threshold
of IRE and the group 5 with CDHT and CDHTd, showing a dependence with the 'accumulation' of warmth and
humidity (Table 5).
·
·

Table 5: Correlation coe.fficients between biometeorologica1 indexes and group anomalies. CDHT y
CDHTd:· daily warming and humidity, ANOM_TEF, ANOMTEF2= anomalies over the first and second
threshold ofTEF index, ANOM_IRE, ANOMIRE2= idem for IRE index. Bold/Italic: 95% significance
ANOM 1

ANOM 2

ANOM 3

ANOM 4

CDHT

0.11

0.06

-0.26

0.41

0.66

-0.19

-0.18

CDHTD

0.01

0.11

-0.22

0.01

-0.60

0.20

0.26

ANOM_TEF

0.20

0.02

-0.04

0.08

0.08

0.24

-0.05

ANOMTEF2

-0.11

0.15

-0.25

-0.16

-0.13

-0.00

0.08

ANOM_IRE

0.11

-0.06

0.12

-0.00

0.10

0.26

0.02

ANOMIRE2

-0.19

0.15

-0.24

-0.19

-0.16

-0.02

-0.08
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ANOM 5

ANOM 6

ANOM 7

A weather type classification is introduced based earlier research (10, 11). We refer our periods to the 1959-91
20 and 80 percentiles, and we get 5 type days: Type 1: cold-wet, Type 2: cold-dry, Type 3: warm-wet, Type 4:
warm-dry, and Type 5: normal. The aim is to realise if the day-type could differentiate the case type. We
compare the mean assistance between day-types by a Student t-test and there are some results to enhance (Table
6, only significant cases shown). In summer, there are more cases of assistance in a Type 5 ('normal') day in
group 2, than extreme ones, and more cases in a Type 3 day in group 5. In winter there are more cases in a Type
4 day in group 5. Group 5 is more related with extreme weather days in both seasons.

Table 6: Student t- test for summer and winter. • : 95% significance,*: 90%. There are no D3 values in
winter because only one day qualifies as type 3 day
Winter

Summer
---h
Anom2
Dl
D2
1

-----

D2

D3

D4

i -0.36

D3 1-0.04
D4

Anom5

i0.15

D5 1-1.83*

Dl

Anom5
D2

D3

D4

0.45
0.30
0.52

0.17

-0.68

-1.57

-2.04•

Dl

D2

D3

D4

-

2.07•

0.44

-0.52

-0.81

1.58

0.61

2.22•

1.48

0.30

2.08•

-0.58

-

-

-1.63

-1.83*

-0.28

-0.75

DISCUSSION
There are some indications of weather-related diseases in the present analyses. For example in summer, 4 days
after lower pressure values, 2 days after higher temperature and 1 day after higher dew-point temperature, the
Skin and allergies group shows an increase in case numbers. Two days after peak wind intensities the Digestive
and abdominal assistance levels peak. Neurological and psychopathological disorders seem to be preceded by the
west winds up to 2 days before. There are also some cases in winter, the surface pressure, temperature and
humidity should proved 1 or 2 day advanced warning of increased 'Digestive and abdominal illnesses'. The
group 5 is more related with the day warmth and low humidity values accumulated.
This exploratory study is the first one done in Argentina, due to the paucity of medical databases with the
requisite detail. We consider that the results are relevant enough to encourage us to continue in this way. The
final goal is to arrive to an alert system for the emergency services and for patients under some pathology related
to the weather forecast.
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THE INFLUENCE OF WEATHER ON ASTHMATIC ATTACKS IN CHILDREN
Ksenija Zaninovire
Meteorological and Hydrological Service, Centre for Meteorological Research, HR 10000 Zagreb, Grie 3,
Croatia, e-mail: zaninovic@cirus.dhz.hr

ABSTRACT

The article deals with the influence of weather types and fronts on the incidence of asthmatic attacks in children.
The investigation has been deduced on the basis of the frequency of astlunatic attacks in children (84 of them)
during the period of one year. The children were the patients of Hospital for lung diseases in children in Zagreb,
Croatia. This region has continental climate with the slight maritime influence from the Mediterranean. The
greater number of astlunatic attacks occurred during the winter after the situations with high pressure and before
the appearance of low-pressure weather situations. In summer the most dangerous weather types were the backside of anticyclone, with high temperatures, and the cyclonic weather types. During spring and autumn the
dangerous weather situations seemed to be the types with the cooling connected to the northern or north-eastern
flow or the cold weather types on the back side of the cyclone. Concerning weather fronts, it turned out that the
incidence of astlunatic attacks in winter and summer were greater during one or two days after the cold front
passage, while in spring and autumn the incidence of attacks was the most frequent in a day with the cold front
and a day before.
INTRODUCTION

As astluna is considered as a typical meteorotropic disease, a lot of researchers investigated the connection
between the astlunatic attacks and weather. Tromp (1, 2, 3, 4) and Tromp and Bouma (5) emphasise that the
frequency of asthmatic attacks is higher after a cold front passage, especially if it brings continental or polar air
masses. On the other hand, the warm stress can also proceed hard astlunatic attack. Derrick (6) and Goldstein (7)
found also the relation between astlunatic attacks and cold front. The analysis for the southern hemisphere made
by Derrick pointed out the negative influence of cold and dry air masses from Antarctica.
The influence of meteorological parameters can be a direct or an indirect one. Their indirect influence is through
acting on allergens harmful for astlunatics. Tromp (4) and Derrick (6) expressed the opinion that the influence of
allergens was not as important as was considered. The inefficient thermoregulation system in asthmatics could
be the reason for direct influence of coldness, especially in situations with abrupt temperature decrease. Cold air
can irritate the respiratory mucosa by the drying effect, as it must become unsaturated when warmed to 37°C. On
the other hand, the dry air can have the cooling effect, as moisture evaporates from the mucosa (6).
DATA AND METHOD

The frequency and intensity of astlunatic attacks have been determined on the basis of observations deduced for
84 children patients in Hospital for lung diseases with children in Zagreb during 1984. The weather types were
determined by means of Poje classification (8), according to the surface weather charts of Germany
meteorological service (Deutscher Wetterdienst) at I p.m. The weather types were divided in four main groups:
high and low pressure weather types, weather types with small pressure gradient and transitional weather types.
The weather types with high air pressure are anticyclone (H), and ridge and bridge (R). The anticyclone is
divided into central, eastern and southern part (Hr- front side of anticyclone) or in western and northern part (Hb
-back side of the cyclone). The low air pressure weather types are cyclone (L) and trough (T). The cyclones are
divided into central, eastern and southern part (Lr) and into western and northern part (Lb). The weather types
with small pressure gradient are divided as cyclonic (C) and anticyclonic (A), concerning the curvature of
isobars. Transitional weather types, with almost straight isobars, bring the air masses from different directions
with completely different characteristics, and are divided in relation to their directions (N, NE, E, SE, S, SW, W,
NW). They are grouped, according to similar characteristics: E, Nand NE (NEon graphs), SE, Sand SW (Son
graphs), and Wand NW (Won graphs).
The correlation between weather types and asthmatic attacks were analysed taking into account not only the
frequency but also the intensity of asthmatic attacks. The appearance of astlunatic attacks was taken with
different weight depending on their intensity (weighted asthmatic attacks). The frequency of easier astlunatic
attacks were taken without changes, the frequency of asthmatic attack of medium intensity were multiplied by 2 ·
and the frequency of heavy asthmatic attacks were multiplied by 3.
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The influence .of weather types on asthmatic attacks was investigated in two ways: by means of number of
weighted asthmatic attacks in different weather types analysis and by means of conditional probability analysis
of weather types in 7-day period around a day "n" (n±3) with more than x +cr weighted asthmatic attacks (mean
plus standard deviation). Conditional probability denotes the probability of weather type around the "n" day in
relation to the number of relevant weather type in the season. Such analysis enables to recognise the weather
types unfavourable for asthmatic patients not only in a day with a lot of asthmatic attacks but also a few days ago
and after. It also indicates the development of the weather situations in cases with a lot of asthmatic attacks. The
influence of weather fronts is performed by means of the number of asthmatic attacks around the day "n" (n±3)
with a front .passage. The analysis was deduced for each season.
RESULTS AND DISCUSION
There were -323 asthmatic attacks during the analysed year. The attacks were the most frequent in May (38); the
rarest in February (B).
In winter the most asthmatic attacks appear in the situations with low pressure gradient, both cyclonic and
anticyclonic (C and A) (Fig. 1). The analysis of the conditional probabilities of weather types around the "n" day
with more than x + cr asthmatic attacks (Fig 2) point at the weather change as unfavourable weather condition.
More asthmatic attacks appear when the weather changes: after the stable weather prevailing in anticyclone (H
types) and high pressure ridge (R) in days n-3, n-2 and n-1, weather changes because of coming cyclone (types
Lr in a day n+ 1 and type Lb in a day n+2). The frequency of asthmatic attacks around the day with cold front
passage confirms that result. It is greater one and two days after the cold front passage than in any other day in
the period (Fig 3).
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Fig. 1. Tbe ·average daily number of weighted asthmatic attacks in different weather types (thick line) and
the average daily number of weighted asthmatic attacks (thin line) during the seasons, Zagreb, 1984.

In spring the relations are weaker. In ave~ge the most asthmatic attacks are connected with the cooling on the
back side of the cyclone (after a cold front passage) (weather type Lb) (Fig 1). In 7-day period around the "n"
day with the number of attacks greater than x + cr no weather type appears as very frequent (Fig 2). The great
probability of Hr (the front, cold side of the anticyclone) two or three days after the "n" day with a lot of
asthmatic attacks can hardly be explained by direct influence of weather which is going to happen two or three
days later. However, as this weather type most frequently appears after the cyclone or front passage, the cause of
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higher incidence of asthmatic attacks in the "n" day could be explained by cooling caused by cold front passage.
The confirmation of this is also greater incidence of asthmatic attacks in a day with cold front (Fig. 3).
Considering also the great probability of NE weather types (cold air stream from N, NE or E) two days before
the great incidence of asthmatic attacks, it is easy to suppose that in spring cooling could provoke the asthmatic
attacks. However, the Lb and NE weather types were very rare in the period observed, and greater sample would
give more reliable results.
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Figure 2. The conditional probability of occurrence of weather types (%) in days around the "n" day
with

> x +a weighted asthmatic attacks, Zagreb, 1984.

In summer great number of asthmatic attacks appears in situations with hot and sultry weather prevailing at the
warm, back side of anticyclone (Hb) preceding the weather change (cyclone, weather types Lr in a day n+ 1 and
n+2) (Fig 2). However, these weather types were rare in the analysed period. It has to be emphasised that
relatively great probability has the cyclonic low pressure gradient weather types (C), characterised by
instabilities with heavy rain. Analysing the fronts, the asthmatic attacks are the most frequent one day after a
cold front passage (Fig 3).
In autumn the greatest number of asthmatic attacks appear in weather situations with low pressure (trough in the
"n" day and Lb a day after). On the other side, asthmatic attacks have great chance to appear two days after the
cold NE situation, and also before the southern or western situations, but these situations are rare. Concerning
weather fronts, the asthmatic attacks are the most frequent a day before cold front passage (Fig 3).
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CONCLUSION
This investigation pointed out that greater incidence (and intensity) of asthmatic attacks in children in winter and
summer are more frequent connected with weather situations bringing changes, specially a day after the cold
front passage. In spring and autumn the asthmatic attacks are more frequent in situations with northern or
northeastern situations· bringing cold air. The results for winter are most certain, because the inconvenient
weather types were relatively often, while the results for other seasons should be checked on the greater sample.
Such an investigation requires a good co-operation of physicians with meteorologists especially to collect the
data from the longer observation period.
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CLIMATE-HEALTH SHOWCASE PROJECTS:
INTERNATIONAL HEAT/HEALTH WATCH-WARNING SYSTEMS
Laurence S. Kalkstein
Center for Climatic Research, Department of Geography, University of Delaware, Newark, DE 19716 USA
ABSTRACT
The goal of this paper is to describe progress on our UN-funded "Showcase Projects" to establish sophisticated
heat/health watch-warning systems for various vulnerable cities around the world. These systems will be based
on the actual health responses of the population to oppressive weather conditions, and will be tailored specifically
for each individual city. The first two locales for system development are Rome, Italy and Shanghai, PRC.
Procedures in system development are presented, and it is suggested that such systems be standardized for all
cities where heat negatively affects human health.
INTRODUCTION
Recently, two important meetings were organized by U.N. agencies outlining collaborative research on climate
and human health (1,2). At these meetings, it was agreed to pursue climate-health "Showcase Projects", which
are designed to assist policy makers in urban areas to deal with specific health problems that are related to
weather. After consultation with the World Health Organization (WHO), the World Meteorological
Organization (WMO), and the United Nations Environment Programme (UNEP), it was decided that these
showcase projects should concentrate on the development of "heat/health watch-warning systems" for various
cities around the world, including those in developing countries. Many cities have no means to deal with the
impacts of heat on human health, even though hot weather accounts for more weather-related deaths than any
other cause, especially in mid-latitude cities where the population is not adapted to irregular, intense heat waves.
Some cities presently have operational heat watch-warning systems in place, but most of these are based on
arbitrary weather thresholds (such as a heat index value exceeding 41 °C) beyond which human health is
assumed to deteriorate.
The goal of this paper is to describe efforts to develop state-of-the-art heat/health watch-warning systems for
selected cities around the world as part of the U.N.-sponsored project listed above. The other major participants
in system development are the University of Delaware's Center for Climatic Research (CCR), the U.S.
Environmental Protection Agency (EPA), and the Slovenia Hydrometeorological Institute. Two systems already
developed by the CCR are in place in Philadelphia and Washington, DC, and these fully operational systems
have been estimated to have saved up to 300 lives during the summer of 1995 in Philadelphia alone (3). The
goal of the Showcase Projects is to transfer this technology to other cities around the world, with the hope of
achieving similar results.
SYSTEM CRITERIA
Watch/warning systems based on simple meteorological parameters such as the heat index are deficient for a
number of reasons. First, they assume that people respond to a combination of only two meteorological
variables: temperature and relative humidity. It is quite clear from many studies that a number of other factors
play a significant role. For example, cloud cover has been shown to be a statistically significant predictor of
elevated human mortality during hot weather, as clear, transparent skies add to the heat load of dwellings,
especially those in impoverished urban areas (4). In addition, wind speed is a desiccating factor and adds heat
load to the body when temperatures are excessive (5). Second, most systems don't take into account the
cumulative impact of several consecutive days of oppressive weather, nor do they account for the fact that heat
waves earlier in the summer season seem to create more of a health danger than those late in the season (6,7).
Third, simple meteorological thresholds used to define "dangerous" conditions are often arbitrarily set and are
not proven estimators of either morbidity or mortality. Fourth, no estimates of morbidity or mortality can be
derived from present heat warnings, as there is no empirical basis for the establishment of criteria.
Finally, the same threshold values are used at numerous locations without regard to human adaptation or
acclimatization; for example, a heat index value of 400C would have a much different impact on the population
of Paris than in Athens.
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Persons respond to the total effe.ct of all weather variables interacting simultaneously on the body, rather than
individual meteorological elements. Therefore, an appropriate means to evaluate weather-health relationships is
through the identification of high risk, or "oppressive" air masses that, when present, could negatively impact
human health. Previous work at the CCR has indicated that very strong relationships exist between certain
excessively oppressive air masses and increased human mortality (8). Based on results from these and other
studies, the Philadelphia Hot Weather/ Health Watch-Warning System was developed. Through the
identification of such oppressive air masses, the system provides information to the public and appropriate health

agencies that potentially hazardous weather situations are predicted or imminent.
An automated air mass-based climatological index was developed for the Philadelphia system to categorize each
day based on its meteorological character using a synoptic climatological approach (for a description of index
development, please refer to Kalkstein et al. (3). The mean daily mortality for each synoptic category, along with
the standard deviation, is determined to ascertain whether particular air masses exhibit distinctively high or low
mortality values. For Philadelphia, it is apparent that one air mass possesses a much higher mean mortality than
the others, and this "oppressive" air mass contains an· inordinately high percentage of days with the greatest
mortality totals. While this particular maritime tropical air mass has a daily mean mortality well above the
overall mean, not all days within this air mass type possess elevated mortality totals; the standard deviation of
daily mortality is also particularly high for this air mass. Thus, the system must not only identify the oppressive
air mass, it must also identify which days within this air mass have elevated mortality. Using a stepwise multiple
regression analysis, the following factors contributed to elevated mortality when the oppressive air mass was
present:

•
•
•

maximum temperature,
the number of consecutive days the air mass has been present,
the time of season (whether the oppressive air mass occurs early or late within the summer season).

Using National Weather Service forecast data for upcoming days, it is possible to predict the arrival of an
oppressive air mass up to two days before it arrives. Thus, heat/health watches, warnings, and alerts can be
issued based on the forecast of the arrival of the oppressive air mass and on the algorithm which predicts elevated
mortality. During a warning, the Philadelphia Department of Public Health and other city agencies institute a
series of intervention activities in an attempt to mitigate the impact of the heat on human health.
SCOPE OF THE SHOWCASE PROJECTS
The Showcase Projects represent an international extension of the systems already developed for Philadelphia
and Washington, DC. There are three major aspects to the projects: research and development, technology
transfer, and local operation. As the CCR has long-standing experience in developing such systems, it was
agreed that the projects would be coordinated through the CCR, and that individuals from UNEP, WMO, WHO,
and the selected cities would come to the CCR to Jearn the latest technology.
Two cities which are vulnerable to heat-related mortality have already been selected for system development:
Rome, Italy and Shanghai, PRC. Development of the Rome system is already underway, and mortality and
meteorological data from Rome are in the process of being analyzed for system development. Principals from
the WMO, WHO, the Slovenia Hydrometeorological Institute, and the CCR traveled to the Lazio Health
Authority in Rome in February, 1999 to discuss system development and data acquisition. The following fivestep approach to formulate the watch/warning system for Rome was agreed upon:
( 1) Acquisition ofdata for system development. This is already complete.

(2) Develop daily air mass calendar for Rome, find oppressive air mass(es), and develop mortality estimation
algorithms. This is our present ongoing activity at CCR.
(3) Coordination with local players from the proper health authority and meteorological agency. This is already
complete, and the project is moving forward with the cooperation of the Lazio Health Authority and the
Italian Meteorological Service.
(4) Implementation of the system by training individuals and delivering the proper user-friendly software to the
agency responsible for running the system. For Rome, the Lazio Health Authority will be running the system
locally.
(5) Development of proper intervention and m1t1gation actiVIties. Operation of the system involves the
development of an action plan if a heat/health warning is issued. Individuals from the Philadelphia
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Department of Public Health will travel to Rome to assist in the development of a sophisticated mitigation
strategy to increase the effectiveness of the system and lessen the numbers of heat-related illness and death.
The institution of the system in Rome is tentatively scheduled for I July 2000, for the city's Millennium
Celebration. System development should be complete by December, 1999, and software will be loaded on Lazio
Health Authority computers in spring, 2000. By 15 May, we will conunence system operation in testing mode
for 45 days.
This effort will be the first organized attempt to develop standardized international heat/health watch-warning
systems for the purpose of saving lives in vulnerable cities around the world. The systems being developed for
Rome and Shanghai will be specifically designed for each city's climate and population response to oppressive
weather. It is hoped that this effort will be expanded to other vulnerable cities, and that a standard is set for a
coordinated set of such systems around the world.
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DEADLY SUMMER: THE NEW ENGLAND HEAT WAVE OF JULY 1911
Leiker, Karl K.
Geography and Regional Planning Department, Westfield State College, Westfield, Massachusetts, 01086 USA

ABSTRACT
The heat wave of July 1911 might be termed the "Hidden Heat Wave," because so little is known about this event.
Yet, this heat wave, with about 2000 heat-related deaths in New England - 1100 in Eastern Massachusetts and
surrounding region, is probably the second most deadly heat wave in the United States. The July 1911 heat wave
started July 1 in the Mid-west and then spread to the Northeast by July 2. The event peaked on July 4 when
maximum temperatures reached 39.7C in Boston, with a second surge again from July 9-14.
The 1911 event was a classic East Coast heat wave synoptic pattern: the "heat pump," in which the Bermuda
anticyclone intensifies and moves to the Southeastern US (Atlantic) coast. The resulting circulation pattern moves
mT air into the Northeast from a southwesterly trajectory. No upper air maps are available for this period, but we can
surmise that the main track of the Westerlies was well north of the US-Canadian border.
The high death toll in New England was due to several factors:
l.
2.
3.
4.
5.

Unusually high dew points, 22-23.6C (70-74F) accompanied the heat wave. Apparent temperatures (i.e., heat
index) reached as high as 45C in Boston on July 4 1h; anything above 43C is dangerous.
The normal sea breezes were either weak or nonexistent.
Night time temperatures stayed high.
The residents of the Northeast had very little acclimatization for the heat wave, as it started very quickly, and
heat waves do not occur regularly in this region.
New England urban architecture of the time was designed to for cold weather.

In terms of severe weather, the New England region of the United States is known for its snowy winters, frezing rain,
powerful Nor'easter coastal storms and occasional hurricanes and tornadoes. However, the greatest loss of life about 2000 deaths - from a weather event in New England was caused by the July 1911 heat wave. This is not the
deadliest heat wave in the United States; that title goes to the Midwestern (Minnesota, Wisconsin, Illinois, etc.) heat
wave of July-August 1936, in which there were more than 5000 heat-related deaths (I and 2).
The July 1911 New England heat wave is notable for several reasons. First, most of the deaths were concentrated in a
fairly small region, particularly in Eastern Massachusetts, in and around the city of Boston, where ll 00 death
certificates listed heat as a cause of death (3, 118). Second, this heat death toll far exceeds the number ofcasualties of
any other weather event in New England. Indeed, the 1911 heat wave caused more deaths than the combined totals
of all hurricanes, tornadoes, floods and winter storms for the last 200 years. Fourth, unlike modern heat waves, there
were fewer age and socioeconomic differentials among the heat fatalities; rich and poor alike were impacted. Fifth, in
a meteorological sense, the July 1911 heat wave was somewhat unique for New England:
I.

2.

3.
4.

The heat waves lasted eleven days, July l -July 13(in two surges), which is longer than the normal New
England heat wave (usually 2-3 days).
In intensity, the maximum temperatures were the highest ever recorded up to that time. Three New England
states recorded all time highs for July 4, 1911 that have not been exceeded at the present. Also, there and there
were high minimum temperatures.
Although New England heat waves are normally accompanied by humid conditions, the apparent temperatures
(heat index) were unusually high during this period (e.g., +40C).
Winds were light during the heat wave; the famous Boston sea breeze was not present during much of the event.

Finally, the July 1911 heat wave is notable for its obscurity. Little was known of the intensity and deadly nature of
this heat wave until the journal, Yankee Magazine, a regional, tourist type periodical, published an article about the
heat wave in 1997 (3). This is not an unusual situation for the US, where heat waves, as a branch of severe weather,
receive scant media attention. Instead, American TV programs such as the Learning Channel and similar such
programs, tends to focus on the more dynamic aspects of severe weather (e.g., "Natures Wrath," etc.)
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METHODS
This case study is a foray into historical meteorology:
using a past heat wave to shed light on future heat
waves. The goals of the study are to: 1. assess the
nature and intensity (e.g., its rank among New England
heat waves, etc.); 2. examine the synoptic pattern that
produced the heat wave; and 3. explore the variables
which were responsible for the high death toll. To gain
an understanding of the 1911 heat wave, we will canvass
the existing data of the time. Obviously the weather
data available for an event that occurred nearly ninety
years ago is somewhat limited. New England, an
original settlement area, has a reasonably lengthy period
of weather station data, and the U.S. Weather Bureau
(now the National Weather Service) has daily weather
maps available for that period (4 and 5). Additional
data is gained from the Monthly Weather Review and
newspapers (6 ). Weather data, however, as expected
for that time, are limited to surface variables; Figure 1
(top) and Figure 2 (bottom). Upper air maps are not
available until the late 1930's.
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RESULTS/DISCUSSION
Extent and duration of the heat wave
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The US National Weather Service defines a heat
wave as at least three consecutive days of 32C or
higher. Using this criterion, the New England heat
wave of July 1911 started on July 2, as part of a
larger heat wave that extended from the Great Plains
thru the Midwest into New England. (Fig 1).
Starting in late June, the intense heat moved from the
Great Plains and Midwest eastward to the Northeast
L----....:.........::...._ _ _ _ _ _ _ _ _.::;;.
_
_ ___.
_·
and New England. The heat wave was in full swing
by July 2 in the Boston region, where it peaked on
July 3 to 6. There was a brief respite from the heat on the seventh and eighth of July (Table 1), but a second surge
of the heat wave begins on July 9 which lasts until July 14, when the passage of a Lake Superior Low fmally ends
the heat wave with showers and then cool cP air. The rest of July 1911 was rather mild with cool temperatures
and much precipitation.
Table 1. Max.imum and Minimum Temperatures (C),Dew Points and Apparent Temperatures, for
Boston1 June 30 to Jull: 141 1911

Date

MaxT

MinT

6/30
7/1
7/2
7/3
7/4
7/5
7./6
717
7/8
7/9
7/10
7/11
7/12
7/13
7/14

23.3
31.1
35.6
38.9
40.0
35.0
38.3
26.1
28.3
34.4
36.7
37.8
35.6
31.7
26.1

16.1
18.9
21.7
25.6
23.3
24.4
22.2
20.6
18.3
18.9
25.6
26.7
25.6
22.8
21.7

Dew e_oint
17.1
20.3
22.8
23.9
23.1
22.0
14.9
26.6
22.1
22.0
19.8
17.1
11.6
12.1

ApparentT
30.6
37.6
41.9
44.1
39.5
39.2
26.4
27.2
37.7
40.5
39.6
34.6
31.7
26.7
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THE EAST COAST "HEAT PUMP" WEATHER PATTERN

East coast heat waves tend to be of the advection type although compression from jet stream ridges is also a factor.
The typical synoptic pattern for a heat wave in the Eastern Seaboard is known as a "heat pump": a strong, subtropical
anticyclone is positioned off the southeast coast, and a weak low is centered somewhere in the northern Plains or
Midwestern states. This pressure distribution pattern brings mT air over the Midwest and Eastern parts of the US.
Figure 2 displays sea level pressure for July 4, 1911 (1200 UTC); it reveals an ideal synoptic pattern for an East
Coast heat wave. A strong Bermuda high is positioned off the Carolina coast (1028mb) and there are lows in the
north-central US and east of Canadian Maritimes. The air movement from this pattern will bring a light flow ofmT
air from the Caribbean and Gulf of Mexico northward into the Southeast and Midwest, and then trajectory turns
eastward into the New England; so the warm, humid and oppressive air actually approaches New England from the
southwest (7, 105). This synoptic pattern is responsible for oppressive heat and humidity in the Northeast and MidAtlantic.
1911 is long before upper air measurements were available. However, we can approximate the upper air pattern by
looking at other northeastern heat waves (e.g., 1952, 1955 etc.), and my looking at the map of cyclone tracks for July
1911 (6). Given the high surface temperatures during the July 1911 heat wave, which ranged from the central plains
to New England, one can surmise that the 500 hPa heights were in the 5800-6000 meter region, which suggests a
strong ridge in the Midwest to New England region. With the Westerlies north of the Canadian border, (See dashed
line on Figure 2) warm and humid air flows to the north. Also, there might have been a slight trough off the coast of
the Canadian Maritimes, as the surface map shows a low along the Maine-Canada border. In fact, Eastport, Maine,
located in the border region of Maine and Canada, reported cool temperatures (e.g., 20C) and showers at the time
Southern New England was experiencing a record heat wave.
INTENSITY AND RANK OF THE HEAT WAVE IN THE BOSTON REGION

The July 1911 heat wave produced some of the highest maximum temperatures in New England since the beginnings
of the US Weather Bureau in 1872 (Table 2). Boston's 40.0C on July 4 is still the all-time record high for that date,
and on the same day maximum temperatures for Lawrence, Massachusetts and Nashua, New
Table 2: Maximum Temperatures (C) for selected New England Cities, July 4, 1911
Maine

Vermont

Portland ---- 38.9

Northfield-- 35.6

Greenville -- 34.4

Cavandish - 38.9

New Hampshire

Massachusetts

Nashua- 41.1

Boston-

40.0

Connecticut

Rhode Island

Hartford- 38.9

Providence- 35.0

Lawrence - 41.1

Kennebec - 38.9

Westboro-- 40.2

N Bridgton - 40.6

Hampshire reached 4l.IC, the highest ever in New England until the heat waves of 1955 (A new maximum
temperature for Massachusetts, 41 .7C, was set in July 1975 at New Bedford). Farmington, Maine, which has cool
summers, attained a high of 40.0C. According to Waco, in a discussion of Eastern Seaboard climates, the probability
of a temperature of 40.0C and higher along the East Coast is less than I percent (8).
Boston's July 191 1, Boston's average maximum temperature was 30.0, the highest ever until the heat waves of 1952
and 1955. However, the 1911 monthly maximum record was set even though the last fifteen days of the month were
mild and wet. The heat wave of 1911 was limited to the first half of the month.
Thus the July 1911 heat wave ranks on one of the most intense and lengthy ever recorded in the New England region,
although there have been comparable heat waves in the 1950's and 1980's.
FACTORS ASSOCIATION WITH THE HEAT-RELATED DEATHS

Heat-related deaths began to occur by July 2 and then the toll climbed on the fourth to the sixth, when 93 deaths- 21
in Boston and 63 in New England - were logged. The newspapers carried accounts under the title "Deaths and
Prostrations," which listed the names of citizens who had succumbed to the heat (9, 1). But after the second surge of
the heat wave, from July 8 to the 13, it seemed that people had reached their physical thresholds for tolerance and the .
nl!mbers of heat-related deaths increased. By the end of the heat wave New England had recorded about 2000 heat
deaths; II 00 death certificates in Boston and surrounding areas ofNew England listed heat as the cause ofdeath (3,
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53 and 118). In addition, in other parts of the Northeast and in the Midwest (more than 50 deaths in Chicago)there
were approximately 300-500 more heat deaths.

An interes~g sidelight to the July 1911 heat deaths is that, unlike modern heat waves, there were deaths among
_younger people (as young as nine months) and individuals from a variety of socioeconomic classes. For instance, on
the front page of the July 5 issue of the Boston Globe, we find that "Peter J. Mahoney, 40 years, unmarried ...
stricken in stable of the Henry Siegel company ... died before arrival of a physician."(IO, 1).
Why so many deaths so quickly in such a small region? There are several reasons. First is the intensity and duration
of the heat wave. New England heat waves usually do not last more than two or three days, and temperatures usually
do not surpass 32-34C (e.g., In the Summer of 1998, there were only four temperatures of32C or higher for all of
Massachusetts). But the 1911 event was characterized by two long surges of heat, and the temperatures were much
higher than normal even for a heat wave. Second, and most significant, was the high humidity that accompanied the
heat wave. Note in ,Table I, the high dew point temperatures; it is unusual for New England summers to have dew
points that exceed 21C. Moreover, when we combine the dew point with temperature to calculate the apparent
temperatures, it becomes very clear why there were so many heat deaths; there are several apparent temperatures
higher than 40C, which is rare for coastal New England. Third, winds were - except for July 7 and 8, rather light; the
normal blustery sea breeze was absent, thus making the hot and humid conditions even more unbearable. Finally,
another contributing factor to the heat death toll concerns the high night time and morning temperatures. Using
hourly data from the newspapers, we find that on July 4 the temperature in Boston had already reached 32.2C at
9AM, and it was 32C at 8PM that evening (9, 1). Hence, the urban residents simply could not escape the heat, not
even in the morning or evening.
As illustrated above, urbanization and urban architecture have a profound effect on heat mortality. For example, in
the 1936 Great Plains - Midwest heat wave, most of the 5000 deaths occurred in the large Midwestern cities.
However, rural Kansas, which posted record maximum temperatures of 49.4C on two dates, had only twenty heatrelated deaths (1 ).
There are also several non meteorological components which influenced the large number of deaths. First, the
inhabitants ofNew England had no preconditioning for the heat wave; weather conditions prior to July were mild and
not stressful. As discussed by Kalkstein and Davis, acclimatization seems to be a factor in heat-related mortality (11,
1). New England has a Koppen Dfalb type of climate, and three of four seasons are either cold or cool. New
England residents rarely experience long heat waves. For example, if the same July 1911 weather conditions
occurred in Memphis, Tennessee- where long, hot and humid summers are the rule, far fewer heat deaths would have
occurred. Thus, the sudden, long and intense nature of the 1911 heat wave was beyond the weather acclimatization of
New Englanders. Second, the 1911 urban architecture of Boston and other New England cities contributed to the
death toll by creating a powerful heat island. There is little suburban development in 1911; most people lived in
multistoried buildings close to the inner city, structures which were designed to keep out the winter cold, but these
structures are likely to produce heat stress in the summer. Houses called "triple deckers" and tenement type housing,
structures which easily retain heat, were the modal abodes of working class people. Pictures of the time show people
trying to get relief from the heat out on the streets of the tenement districts, whereas others tried to find escape by
sleeping in the Boston Common. Finally, the fashion modes of the times were not suitable for coping with a heat
wave. Even in the summer women wore long dresses (with long sleeves) from the neck to the ankles, and men are
usually attired in dark suits with vest and other layers of clothing.
SUMMARY AND CONCLUSION

The July 1911 heat wave affected the US from the Great Plains to New England, but its impact on the latter
region was most devastating. More than 2000 people died as a result of heat in the New England region,
particularly in and around Boston, and there were additional deaths outside this region, thus making this
relatively obscure heat wave the second most in US history. Record high maximum temperatures, accompanied
by high humidity produced stressfully high apparent temperatures in the New England region, a condition that
lasted thru most of the frrst-half of July.
Today, with air conditioning and rapid electronic communication, one could argue that high death tolls from a similar
type heat wave in New England would not be likely, and that is -- to an extent- true. However, as I write this last
paragraph, the Summer, July 1999 heat wave caused at least 185 deaths in the Midwest and Northeastern parts of the
US, more deaths than the F-5 tornadoes of May 1999.
The July 1911 heat wave demonstrates how the combinations of high temperatures and humidity, lack of
acclimatization and urban architecture can combine to have a deadly effect on the mortality of urban dwellers. Even
though this weather event took place 89 years ago, it has a bearing on urban climatology today.
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FATALITIES FROM NATURAL PERILS IN EASTERN AUSTRA.LIA
-A FUNCTION OF THE ENSO?
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ABSTRACT
Interannual (1876-1991) variability of flood, bushfire and heatwave fatality data for eastern Australia, and
changes in risk of dying from these perils, were analysed with respect to the extremes phases of the El NinoSouthern Oscillation (ENSO) phenomenon. Heatwaves were found to be the most serious peril in terms of the
total number of fatalities, while floods ranked first in the statistics based on the number of fatality event days
(FED). Correlations between the monthly FED data and the monthly values of the Southern Oscillation Index
(SOl) did not yield any significant results, while the analysis of annually stratified flood (bushfire) fatality data
led to highly significant coefficients of 0.5 (-0.3), and an insignificant result (r of 0.2) with the annual heatwave
FED data. FED-related exceedence probabilities calculated for El Nino and La Nina conditions revealed
substantial differences in the fatality risk potential between these two seasons. The probability of reaching the
mean annual flood FED number was found to be roughly four times higher during La Nina seasons (80%) than
during the El Nino periods (18%). In contrast to that, the El Nino-related probabilities of reaching the respective
mean annual bushfire and heatwave FED numbers were roughly twice as high as those associated with the La
Nina seasons (70% and 30% for bushfires, and 60% and 25% for heatwaves). Similar risk assessment performed
on annual fatality event days for all three perils identified the La Nina events as the potentially most fatality
prone seasons.

INTRODUCTION
Australia is located at the western end of the El Nino-Southern Oscillation (ENSO) core area that stretches from
Indonesia to the west coast of South America. The ENSO is a coupled ocean-atmosphere phenomenon which is
driven by the interaction of its two, oceanic (EI Nino) and atmospheric (Southern Oscillation), components. The
term El Nino refers to a quasi-periodic anomalous warming of the eastern Pacific Ocean, whereas the Southern
Oscillation describes the changes in a dipole-like pattern of atmospheric pressure observed across the tropical
Pacific (1). Together, these two components can influence the strength of the zonal oceanic (temperature) and
atmospheric (pressure) gradients, as well as the location and strength of the convective (precipitation) activity in
this region. In the Australian region, the ENSO signal is mainly confined to the northern and eastern parts of the
continent, where it is detectable in several climatological variables (2). The ENSO-related fluctuations of the
precipitation and temperature regime, which in extreme cases can lead to flood and drought spells, can be linked
to the value of the Southern Oscillation Index (SOl) (3,4). The SOl is a measure of the strength of the ENSO
signal, which is based on the difference in atmospheric pressure at Tahiti and Darwin. Negative SOl values tend
to be associated with below-normal precipitation in the eastern and northern parts of the Australian continent,
while positive values tend to be accompanied by a more frequent flooding (3,5). The former episode, which is
marked by anomalously warm sea surface temperatures (SST) in the eastern Pacific, is called El Nino, while
periods of positive SOl values and anomalously cold East Pacific SSTs are referred to as La Niiia (6).
The ENSO signal is also partly reflected in the streamflow variability of Australian rivers (5). This variability
can have an impact on the economic performance of the country (mostly primary sector) and the wellbeing of its
population. In extreme cases of floods and droughts it is not unusual to suffer human fatalities caused by fast
rising streamflow volumes, or spawning of uncontrollable bushfires. While the connection between floods and
the SOl, or other natural disasters and the SOl is relatively well documented (5, 7), this link does not
automatically imply a similarly strong relationship between the SOl and the frequencies offatality-causing
natural perils. This is due to the complex intermediate part of the link between climate and casualty, which can
contain many other non-weather related components, such as geomorphology, vegetation or infrastructure of the
basin. These intermediate factors, which often cannot be fully addressed, can have a significant influence on the
ultimate number of fatalities. As the scope of the ENSO-related research broadens, the numbers of
interdisciplinary impact studies which, for example, report useful correlations between the SOl and occurrence
of certain diseases without elucidating the intermediate mechanisms involved (8), are on the increase. This
investigation follows a similar path taken by the later type of studies. It focuses on the evaluation of the impacts
of ENSO-driven floods, bushfires and heatwaves on loss of life in eastern Australia without, at first, fully
addressing the role of factors (other than those associated with climate) involved in this relationship. One of its
major objectives is a preliminary quantification of the differences in the risk potential (of suffering casualties
from these three perils) between the El Nino and La Niiia episodes.
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DATA AND METHODS
The flood, heatwave and bushfire fatality databases used in this study were compiled by the Natural Hazards
Research Centre (NHRC) during the last decade (9). For tbis study the original data have been stratified into the
form of "fatality event days". A "fatality event day" has been defined as a day on which one or more fatalities
occurred in one or several of the eastern states (Queensland, New South Wales and Victoria}, irrespective of the
total nuni.ber of fatalities (i.e. one, five or 50). In the following text, this term is mostly used in its abbreviated
form "FED". In order to keep the austral summer as one entity, the respective annual FED totals were based on
the July to June period, rather than the calendar year. Considering the lower quality of the early fatality dat;a and
the length of the available SOl record, the data analysis was limited to the period 1876-1991. Spatially, the
investigation concentrated on the eastern half of the Australian continent only, i.e. an area with a significantly
strong ENSO signal (2,3). The SOl values used in this work have a mean of zero and a standard deviation of I0
(1 0). They were used as thresholds of four El Nino (and four La Nina) categories with the following category
limits: 0 to >-10 for weak,. -10 to >-20 for moderate, -20 to >-30 for strong and~ -30 for very strong El Nino
conditions (same threshold values, but with positive signs, were used for the corresponding La Nina categories).
Risk, in this study, is expressed in the form of exceedence probabilities based on negative binomial distributions
fitted to the annual FED data.
GENERAL CHARACTERISTICS OF FATALITY DATA
The statistical parameters shown in Table 1 indicate that, in terms of total fatality numbers, heatwaves (closely
followed by floods) were the most serious of the three climatological perils during the last century. On the other
hand, floods accounted for more than the half of fatality event days and displayed the highest mean annual
frequency of FED occurrence.

Table 1. Statistical data relating to the number offatalities due to the three selected perils, the frequency
of fatality event days (FED), and their association with the values of the Southern Oscillation Index (SOl)
during the period 1876-1991.
Total
number of
fatalities

Fatality
Event Days
(FED)

Mf!anFEDs
Per year

St. deviation
ofFED

Mean SO/for
all PEDs

rwith mean
annual SOl

Floods,

1279

417

4.1

4.3

5.2

0.5

Bushfues.

4>79

141:

1·.2

1..8

-3'.3'

-0.3

Heatwaves

f286

295

2:5

4.1

-0.8-

-0;2

The difference between the annual FED' frequencies of the three perils can be· partiiilly explained by the
seasonality of the perils. In eastern Australia, floods tend' to be an all-year peril~ while the occurrence of
bushfrres and, especially, heatwaves tends to be mostly confined to the austral summer months. As shown in
Figure 1, the individual sets of annual FED data display a high interannual variability (e.g. heatwaves and
bushfires accounting for 100% of casualties in the mid-1960s, and floods causing most fatalities in the late
1980s). This strong interannual variability of the peril occurrence is also reflected in the values of the respective
standard deviations shown· in Table 1.
CORRELATIONS WITH THE SOUTHERN OSCILLATION. INDEX
The correlations between the respective monthly (seasonal) FED numbers and the mean SOl values of the
corresponding month (season) yielded only very low and insignificant results (not shown). Thus, on this time
scale, the relationships observed between the SOl and various climatological variables or phenomena (2,5) did
not translate into any significant results with the occurrence of fatality-causing perils. This is not a surprising
finding, considering that the strength of the background climatological conditions (such as above-normal
rainfall) is only the trigger of life-threatening natural perils (such as floods), while the actual loss of life may be
influenced by many other circumstantial and socio-economic factors.
In contrast to the that, the annually stratified FED data for floods and bushfires resulted in highly significant
correlations with the mean annual SOl (r of 0.5 and -0.3). The annual FED values of these two perils (Fig. I)
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seemed to respond to persistent extreme climatic conditions, while the results with the heatwave FED data (r of
0.2) remained not significant.

Figure 1: Proportions of annual fatality event days due to heatwaves (black pattern), bush fires (grey
pattern) and floods (white pattern) for eastern Australia and the period 1940-1990.

CATEGORISATION INTO SOl CLASSES
In order to better capture the overall characteristics of the individual FED data, the respective events have been
categorised according to the mean SOl value of the corresponding month. The standardized and categorized FED
frequencies for floods and bushfires are plotted in Figure 2. The flood FED frequencies, shown in Figure 2a,
display the most clear-cut trend with regard to the various phases of the ENSO. The distribution indicates that
the standardized frequencies of fatality-causing flood events increase strongly with the value of the SOL The
skewness of this distribution towards La Nifia conditions (highest frequencies associated with SOl values
between +20 and+ 30) is in agreement with the values of the overall mean SOI associated with these events (SOI
of 5.2), shown in Table I. Despite the high La Nina-related frequencies, the tail section of this distribution
indicates that fatality-causing floods can also occasionally occur during strong El Nifio conditions. A substantial
proportion of the latter floods comes from precipitation associated with tropical cyclones .
The bushfire FED distribution, shown in Figure 2b, displays a rough mirror image pattern to that of the
distribution of flood FEDs. The highest standardized bushfire FED frequencies can be found in the category of
very strong E l Nifio (SOl values < -30). However, due to the La Nifia season bushfires (which are, occasionally,
deliberately lit), the overall mean SOl values associated with all fata lity-causing bushfire events are only weakly
negative (SOI of -3 .3 in Table 1).
In agreement with their low correlation coefficients the heatwave FED data showed a less conclusive distribution
pattern, which was marked by a congregation of higher FED frequencies around both, weakly positive and
negative SOl values, as well as a weak skewness towards the El Nino conditions (not shown). This pattern may
suggest that other factors, possibly abrupt changes in temperature, may have a stronger influence on the
heatwave FED data than extended long hot spells .
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Figure 2 Standardized frequencies of flood (a) and bushflre (b) fatality event days (1876-1991) categorized
according to the concurrent mean monthly value of the Southern Oscillation Index (SOl). Dark (light)
pattern stands for El Nino (La Nina).
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EL NINO AND LA NINA-RELATED PROBABITILIES OF FATALITIES

In order to quantify the influence of the ENSO phase on the risk of dying from a particular peril, we have
matched two subtypes of FED data (those with SOl values of> +5 and< -5, respectively) with negative binomial
distribution functions. These two types of populations, shown in Figure 3, were considered to be representative
ofEl Nino and La Nina conditions.
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Figure 4 Exceedence probabilities of annual
flood fatality event days for El Niiio (bold)
and La Nina (thin) periods.

The two data subsets (representative ofEl Nino and La Nina) were then transformed into the form of descending
cumulative distributions, which are shown on the example of flood FEDs in Figure 4. The respective curves
indicate that the probability of reaching at least the mean annual number of flood FEDs ( 4.1 per year) is roughly
80 % during La Nina years. This value is more than four times higher than the probability associated with El
Nino years (18 %). This difference between the El Nino and La Nina-related probabilities is attributable to the
much larger scatter of the data during La Nina seasons (Fig. 3).
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periods (dashed).

The bushfire FED data set has a much lower annual FED mean (Table 1) and annual FED maximum than the
flood FED data (seven as opposed to 22) and their probability curves (Fig. 5) display a reversed characteristic to
the curves related to the flood FED data (Fig. 4). With a value of 70 %, the EI Nino-related probability of
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exceeding the mean annual number of bushfire: FEDs (1.2 days) is roughly twice as high as that describing the
La Niiia conditions (30 %).
The ENSO phase-related probability curves associated with the annual heatwave FED data display a similar
pattern to that in Figure 5 (not shown), although the respective exceedence probability values are lower than
those associated with the bushfire FED data. The probability of reaching the mean annual heatwave FED number
(of2.5 days) is roughly 60% during the El Niiio episodes and 25% during the La Nina events (not shown).
The exceedence probabilities associated with the FED totals for all three perils (Fig. 6) demonstrate the increase
in risk during the extreme phases of the ENSO l(as opposed to periods of near-zero SOl). The curves indicate that
the probability of reaching the overall mean armual FED number is higher during La Niiia seasons (57%) than
during El Nino periods (46%). Both values are: substantially higher than the 30% associated with years marked
by near-zero (>-5 to <+5) SOl conditions.

SUMMARY AND CONCLUSIONS
An analysis of fatality event day data for floods, heatwaves and bushfires was performed for the area of eastern
Australia and the period 1876-1991. The results of this investigation indicated that these fatality-causing perils
occur every year, but that their annual frequenoeies are highly variable. With an average of 4 FEDs per year the
floods were found to be a much more frequent threat to human life than heatwaves (2.5 FEDs per year) or
bushfires (1 FED per year on average).
A correlation analysis of the monthly FED data1 with the corresponding SOl did not yield any significant results,
while the correlations with the annual (July t,o June) FED data resulted in highly significant coefficients for
floods (r of 0.5) and bushfires (r of -0.3), amd insignificant results for heatwaves (r of 0.2). These findings
indicated that, at least on a short-term scale, the: stregth of the relationship between these variables might also be
determined by factors other than those related to the weather. While the climate can create potentially perilous
background conditions, it is often the "active human" component of this peril-fatality system (i.e. human
decision) which determines the occurrence of fi1talities. It was found that about 40 % of all flood fatalities can be
attributed to an erroneous human decision, such as attempts to save property or to reach the place of destination,
irrespective of the highly unfavorable and life-threatening climatic conditions. On the other hand, at least 33 %
of fatalities are attributable to the "passive human" component of the system, in which the victims attempted to
take some sort of protective action, but were ov,erwhelmed by the speed, or strength, of the natural elements.
The standardized and categorized flood FED data showed a distinct trend towards La Nina conditions, while the
distributions for bushfire and heatwave FEDs were skewed towards El Niiio conditions. These patterns have
been confirmed quantitatively by the calculatiions of the respective exceedence probabilities. The flood FED
probabilities displayed a much higher sensitivity to the phase of the ENSO than the bushfire or heatwave FED
data. The chance of reaching the mean annual flood FED number was more than four times higher during La
Nina seasons than during El Niiio events, while the probability plots for bushfire and heatwave FEDs showed the
opposite pattern, with the probabilities for El Nino years being roughly twice as high as those for La Niiia
episodes. Furthermore, the results of a composite (all three perils) analysis (11) indicated that floods occurring
during periods of high SOl values (strong La Nina) are the most serious amongst the life-threatening perils in
this region. One of the major reasons for the high risk associated with floods is the substantial increase in annual
variability of these events during La Niiia seasons. However, other non-weather factors, such as geomorphology,
technical aspects of constructions or human decisions, also contribute to the ultimate number of fatalities from
these perils.
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ABSTRACT

It had been reported that about ten percent of the seasonal difference in basal metabolism was recognized in
Japanese subjects despite the relatively small seasonality compared to European or American locations. And the
difference had been assumed to decrease with the spread of the western life-style and dietary habits in Japan. In
this study, in order to investigate the seasonality of thermal regulation for young Japanese, and the effects of the
length of stay on metabolic seasonality, seated and resting metabolism was measured for three students by the
Douglas method in February (winter) and September (summer). In the afternoon, about 90 minutes after an intake
of a standardised meal of 560 kcal, the subject entered a chamber kept at 26°C i.e. calculated neutral temperature
for I Met and a standard clothing ensemble of 0.32 clo. Metabolic rates and thermal sensation votes were recorded
30, 60, 90 and 120 minutes after the entrance, and skin temperatures at four sites by Ramanathan's method and
tympanic temperature were measured. The first vote was significantly warmer than the third or the fourth vote, and
skin temperature at the shin decreased significantly between the same times. Mean skin temperature, other skin
temperatures, tympanic temperature and metabolic rate did not changed significantly as time passed. Metabolism
in February was significantly (p<lO%) greater than that in September if the first measurements analyzed together.
The seasonal difference averaged for three subjects was 7.0 percent. This difference might be accounted for the
fact that tympanic temperature in February was significantly (p<1%) higher than that in September for every
student. But except for the first measurements, the seasonal significance disappeared although the difference of
tympanic temperatures remained significant. The results show that the seasonality could exist but depends on the
length of stay.
INTRODUCTION

Seasonal variation in basal metabolism has been investigated by number of researchers particularly earlier in this
century. Most of the measurements in Japan, for example, Oti et al. ( 1932), Fujimoto ( 1936), Hatakeyama (1941 ),
Ishikawa (1948), Fukuhara (1950), Sasaki (1954), recognized that basal metabolism increased in the cold season
and decreased in warm season. Western researchers, Palmer et al. (1914), Benedict et al. (1918), Kunde (1923),
Hafkesbring et al. (1924), Gessler ( 1925) and Griffith et al. ( 1929) recognized similar tendency although the
seasonal difference is smaller. On the other hand, Lindhard (1910), Young (1920) and Gustfson et al. (1928) got the
opposite tendency, and Dubois (1927) and Tilt (1930) found no seasonal differences. In Japanese in the postwar
period when food was in short supply, the annual difference in basal metabolism expanded nearly to 20 percent, but
about ten percent seasonal difference in basal metabolism was found by Sasaki in 1973 (9.7%) and again more
recently by Shimaoka et al. in 1987 (11% ). Seasonal metabolic differences are assumed to diminish with the
spread of the western life-style or dietary habits, particularly in relation to the increased intake of fat by
contemporary Japan.
For rational air conditioning design, it is necessary to consider the seasonal difference in human metabolic heat
production, if it exists. Seated, resting metabolism is more suitable for this purpose although the seasonal variation
was found to be lower for seating posture than the variation in basal metabolism. By Sasaki (1954), the former was
9 % when the latter was 17%, when the ambient temperature was not controlled. In measuring the basal
metabolism, the ambient temperature in bedclothes is not controlled, but the effects of the temperature should be
considered in the seated posture because the metabolism is affected by thermal stress. Therefore metabolism in
neutral temperatures in which stress was supposed to be the minimum was investigated. Furthermore, metabolism
was measured at the same time in a day and the clothing and food intake were standardized for all experiments.
The subjects were selected as typical college aged Japanese who supposed to have typical dietary habit and
average life style of young Japanese student, that is, they are liable to be the nocturnal types and apt to keep
irregular hours.
Another purpose of this project is to investigate the time course of change in metabolic rate after the entrance to the
test room. Upon entrance, metabolism changed rapidly to be adaptive to the new environment. The changes up to
120 minutes after entrance were investigated. In this paper we examine whether the metabolic heat production for
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sedentary, seated you~g Japanese subjects changes seasonally under neutral temperature.

SUBJECTS AND METHODS
Experiments were made during the winter months (February) of 1998 and 1999 and summer month (September) of
1998 after full natural acclimation for the season was reached. Three male college students participated in this
study. The physical characteristics are about average for Japanese and summarized in Table 1. The surface area of
the body was estimated from the Dubois surface area (A0 ) by
Ao = k

W0.425 I f.725

where
W = weight (kg)
H =height (em)
k =0.007184 by Dubois (1916):
For Japanese subjects, Takahira (1925) proposed the value of0.007246 fork, and almost all of the published values
of metabolism per unit body surface area in Japan are based on the Takahira value, but the difference from Dubois
area is less than 1.0 %.
The subjects sat sedentary reading some magazines or listening to music. They wore shirts, shorts, trousers, socks
and slippers which was estimated to have an effective insulation of 0.32 clo. The environmental conditions in the
test room included an air temperature= 26°C and relative humidity= 50%. This ambient condition was estimated
to achieve thermal equilibrium for the insulation level of 0.32 clo and the activity level of 1.0 MET.
The subjects were instructed to keep regular hours in the day before experiment, although they have tendency to
keep irregular hours as noted before. They came to the laboratory at 13:30 having had a fully sleep and breakfast
and they were instructed to take a lunch of fixed menu of 560 kcal, that is, soy sauce noodle, tofu and boiled
spinach at the university dining hall about 90 minutes before attending the experiment. They entered the pretest
room which temperature was kept 26°C. They changed clothes and measured their weights and percent body fat,
then moved to the test room within about ten minutes. The weight and percent body fat were also taken after each
experiment. The sensors for skin temperature and tympanic temperature were put on and expired gas were
gathered for three minutes through Rudolf masks into Douglas bags four times at 30-min intervals after entering
the pretest room. Before collecting the expired gas, the subjects marked ballots on thermal sensation on linear
scales. A total of 72 measurements were performed.

Table 1: Physical characteristics of the subjects
SubjectS
SubjectT
Subject G

HEIGHT(cm)
172
177

168

WEIGHT(kg)
69.0
68.8

AREA(m2)
1.81
1.85

61.7

1.70

BODY FAT(%)
18.0
15.9

17.8

Tympanic temperature (Tty) was measured by means of a thermistor probe inserted into the auditory canal close to
the tympanum. Skin temperatures were measured using thermocouples attached by means of surgical tapes at four
sites, on upper arm, chest, anterior thigh and anterior shin. Four temperatures were weighted after the method of
Ramanathan (1964) and the average value was taken as the mean skin temperature (MST). The mean skin
temperature and tympanic temperature for one minute before each voting were used. The mean body temperature
(MBT) was estimated by using the following equation.
MBT= 0.8*MST + 0.2 *Tty
RESULTS
Figure 1 shows the distribution of the metabolic rates for each season. The measurements of 30, 60, 90, 120
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minutes after the entrance were included together in the figure, since there seemed to be no particular relationships
between the metabolism and the length of stay. The effects of including the first measurements (after 30 minutes)
will be discussed later. There are some low values under 35(W/m2) in February 1998 suspected to be the result of
a leaking face mask, but since they corresponded to low skin temperature measurements, we decided to include
them in the analysis. The mean values and standard deviations were 46.46± 11.93, 48.43±7.17 and 52.00±7.32
for February 1998, September 1998 and February 1999 respectively.
Figure 2 shows the change of the mean metabolic rate by months for each subject. Between February 1998 and
September 1998 the tendency of the seasonal changes varied between subjects. For subject S and subject G,
metabolic rate increased between these seasons. But it is notable that between September 1998 and February 1998
the metabolic rate increased at approximately the same rate, about 7.0 percent for three subjects.
Table 2 shows the mean values of the metabolic rate, thermal sensation, mean skin temperature, tympanic
temperature and mean body temperature for each month and the comparisons between the mean values of the
adjacent seasons by Student t-test. Mean value of the metabolic rate in February 1999 was significantly higher
(p<10%) than that in September 1998, although there was no significant difference between the value in February
1998 and that in September 1998. Thermal sensation and mean skin temperature did not differ among the seasons,
on the other hand tympanic temperature and mean body temperature were higher in February than in September.
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Table 2: T-test comparisons of the metabolism, sensation, skin temperature, body temperature between
the months for 30, 60, 90, 120 minutes after the entrance.
METABOLIC RATE (W/m)
THERMAL SENSATION
MEAN SKIN TEMP. (0 C)
TYMPANIC TEMP. COC)
MEAN BODY TEMP. COC)

FEB. '98 p(%)
46.45
3.10
33.9
36.84
>1%
36.26
>1%

SEP.'98
48.43
3.18
33.9
36.49
35.97

p(o/o)

<10%

<1%
<5%

FEB.'99
52
3.23
33.8
36.74
36.14

The value of p (%) indicates the significance of the difference between both sides of the columns.
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Table 3 indicates the mean values and the comparisons if the first measurements were not included because the
environment before entrance into the test room might effect the first measurement. The significant difference in
metabolic rate between September 1998 and February 1999 disappeared, although the difference of tympanic
temperatures and mean body temperatures still kept significant. That is, within 30 minutes after the entrance into
the environment of nearly the neutral temperature, thermal sensation and mean skin temperature changed rapidly
and the se~sonal difference disappeared, and 60 minutes after the entrance, there were no seasonal difference in
metabolic rate, although the seasonal difference were kept in tympanic temperature and mean body temperature
even 120 minutes after the entrance.
Table 3: T -test compar isons for the measurements of 60,90 andl20 minutes after entrance to the test
room only.
METABOLIC RATE (W/m )
THERMAL SENSATION
MEAN SKIN TEMP. eC)
TYMPANIC TEMP. eC)
MEAN BODY TEMP. eC)

FEB. '98 p(%)
45.88
3.01
33.9
36.83
>1%
36.24
>1%

SEP.'98
48.59
3.07
33.9
36.47
35.96

p(%)

<1%
<5%

FEB.'99
51.08
3.14
33.7
36.76
36.15

Figure 3 shows the change of thermal sensation for 30, 60, 90 and 120 minutes after the entrance to the pretest
room. Thermal sensations were in the warmer side rather than around the neutral. This corresponds to the fact that
in the measurements the metabolic rates were actually smaller than 1 MET. For both seasons thermal sensation
changed from 'slightly warm' toward 'neutral'. Even at 30 minutes thermal sensation was almost the same at
'slightly warm' for both seasons. By t-test comparison, the first vote was signifiqantly in warmer side than the third
(p<2%) or the fourth (p<1 %) vote. In September, the sensation became stable at the middle of 'slightly warm' and
'neutral' at 60 minutes. In February it seems to be changing toward 'neutral' at 120 minutes.
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Figure 4 shows the time course of change of the skin temperatures after the entrance for February and September.
By t-test comparison, skin temperature at the shin decreased significantly between the first measurement and third
(p<5%) or fourth (p<2%), although mean.skin temperature, other skin temperatures did not change significantly as
the time passed.
In September the skin temperatures became stable at 90 minutes, which corresponded to the stability of thermal
sensation for the same duration. In February skin temperature at the shin was lower than that in September. There
were no significant relationships between tympanic temperature or metabolic rate and the length of stay.
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DISCUSSION
Between February 1998 and September 1998 the tendencies in change of the metabolic rate were different in three
subjects and there was no seasonality in metabolic rate. On the other hand, metabolism in February 1999 was
significantly (p< I 0%) greater than that in September if the first measurements were included. Between September
1998 and February 1999 metabolism increased in resembling rates of7.8, 10.0, 6.4 percent respectively for each
subject, and averaged 7.0 percent as shown in Figure 2. These results are not consistent. If the latter result is
accepted, the ratio is similar to those from earlier researches of Sasaki (1974) or Shimaoka et al. (1987) and the
seasonality in seated, resting metabolism still exists in 1999. Sasaki (1977) insisted that the reduction of the
seasonality in metabolic rate related to the rapid change of dietary habits in Japan. According to the investigation
by the Ministry of Health of Japan, the calorie intake was 75.0% in glucide and 8.7% in fat in 1955, and 49.2% in
glucide and 22.3% in fat in 1975. In 1994 the percentage was 44.8 % in glucide and 25.8 % in fat. The ratio of
calorie intake changed rapidly in those 20 years and gently in the next 19 years to be stable. The hypothesis of
Sasaki that seasonality in metabolic rate reflects the composition of food intake could be enhanced by our
measurements between 1998 and 1999 because the manner of both changes in 44 years looks alike, if annual
difference in metabolic rate in 1999 is recognized to be about 7.0 percent.
The tympanic temperature in February was significantly (p<l%) higher than that in September for each subject.
The seasonal difference in tympanic temperature averaged for three subjects was 0.31 K. This difference kept even
120 minutes after the entrance. The mean skin temperature did not differ significantly between the seasons.
Thermal sensation also did not differ between the seasons although it correlated with the length of stay. Within 30
minutes after the entrance into the test room, mean skin temperature and thermal sensation supposed to change
rapidly so that seasonal effect disappeared. On the other hand, tympanic temperature did not change as time passed
and seasonal difference existed.
Figure 5 shows the seasonal changes of weight and body fat for each subject. Between September 1998 and
February 1999 weight and body fat increased 19.0 and 7.8 percent respectively for all subjects. The body
composition changed between these seasons but it necessarily did not relate to the heat production. .
Attention must be paid to the possibility that the curve might not always synchronize the outdoor temperature
although in this paper the measured months were chosen to ensure acclimation to the season. Shimaoka (1987) et al
obtained the results that the basal metabolic rate maximized in April and minimized in October.
The seasonal difference in metabolic rate might be accounted for the fact that the tympanic temperature in
February was significantly higher than that in September, but tympanic temperature did not change 60 minutes
after the entrance, no seasonal differences in metabolic rate were recognized. It is concluded that the seasonality in
seated metabolism could exist under neutral temperatures, but it depends on the length of exposure. It is supposed
that if the ambient temperature was not controlled, seasonality in seated metabolism could be clearer.
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EFFECT OF AMBIENT TEMPERATURE ON COLD-INDUCED
VASODILATATION (CIVD) RESPONSE AND SUBJECTIVE THERMAL LOADS
INDUCED BY REPEATED FINGER COOLING
S. Sawada
Division ofWork Stress Control, National Institute of Industrial Health, Kawasaki 214-8585 Japan

ABSTRACT

The objective of this study was to investigate how repeated finger cooling under different ambient temperature
conditions affects cold-induced vasodilatation (CIVD) response and finger pain and thermal sensations. Six
young men aged 21 to 23 years immersed their left index fingers in stirred water at l0°C for 10 minutes. This
immersion procedure was repeated six times. Each cold-water immersion was followed by a 5-minute rest. This
cold-water immersion experiment was carried out on different days under three ambient temperature conditions
with relative humidity of 50%: warm (30°C), neutral (25°C), and cool (20°C). At the ambient temperatures of
30°C and 25°C, marked CIVD response occurred and the CIVD reactivity did not significantly change upon
repetition of cold-water immersion. The finger skin temperature during each post-immersion rest also tended to
recover quickly to the pre-immersion level. At the ambient temperature of 20°C, however, the CIVD response
weakened continuously upon repetition of immersion and almost disappeared during the final immersion. The
recovery rate of finger temperature during each post-immersion rest decreased continuously upon repetition of
immersion. Finger pain sensation rapidly increased during each immersion, but it completely disappeared during
each post-immersion rest period. Finger cold sensation rapidly increased during each immersion, but it was
replaced by a warm or neutral sensation during each rest period. These subjective sensations during the
immersion and post-immersion periods were not significantly affected by ambient temperature. Oral temperature
during the experiment showed no significant change at the ambient temperatures of 25°C and 30°C, whereas it
decreased significantly at the ambient temperature of 20°C. These results suggest that under cool ambient
temperature conditions where the body core temperature is liable to decrease, repeated finger cooling may
weaken CIVD reactivity and delay the recovery of finger temperature during post-immersion rest periods. They
also suggest that under such conditions, subjective judgements such as absence of finger pain and occurrence of
warm sensations during post-immersion rest may not be reliable indicators of the risk of progressive finger
cooling and frostbite.
INTRODUCTION

Cold-induced vasodilatation (CIVD), which occurs in fingers and toes exposed to extreme cold, is a defensive
reaction that protects the extremities against frostbite (1). Yoshimura and Iida (2) developed a practical method,
based on CIVD reactivity, of evaluating peripheral resistance against frostbite (local cold tolerance). Since then,
many studies have been carried out using this test method to clarify the factors affecting local cold tolerance,
such as occupation (3, 4), gender (5), age (6), race (7), environmental temperature (5, 8), clothing (5), ambient
pressure (9) and cold acclimatisation (10, 11). However, there has been little research on the effect of short-term
repeated or intermittent cooling on CIVD reactivity.
In work in cold environments such as refrigerated warehouses, food processing facilities, and outdoors in cold
weather, single cold exposure is rare and repeated or intermittent cold exposure interspersed with periods of rest
is usual during each working day. Furthermore, local cooling of the extremities such as fingers and toes
frequently occurs in workers in cold environments, even though such workers wear thick clothing to protect
themselves from excessive body cooling. Our recent case study on job-related frostbite found that some workers
were affected by frostbite without noticing any subjective warming signs during work in cold environments in
spite of wearing cold-protective clothing (12).
The objective of this study was, therefore, to investigate how repeated finger cooling with rest affects coldinduced vasodilatation (CIVD) response and subjective thermal loads such as pain and cold sensation, and to
elucidate how the ambient temperature affects these frostbite-resistant and subjective thermal responses.
METHODS

Six healthy young men aged 21 to 23 years participated in this study. They had been well informed of the .
protocol and had given their informed consent before the experiment. The experiment was carried out in the
morning (10:00-12:00) of days between August and early September. The subjects wore only T-shirts, shorts,
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trunks, and socks during the experiment in order to unify the clothing condition. The subjects entered the
artificial climatic chamber at I 0 a.m., and rested on chairs for 30 minutes, during which the measuring electrodes
were attached to them. After the resting period, the experiment began. Following a 5-min recording of control
values before cold-water immersion, the subjects repeatedly immersed their left index fingers in stirred water at
I 0°C for 10 minutes. This immersion procedure was repeated six times. Each cold-water immersion was
followed by a 5-minute rest. This cold-water immersion experiment was carried out on different days under three
ambient temperature conditions with relative humidity of 50%: warm {30°C), neutral (25°C), and cool (20°C).

The skin temperature of the palmar side of the immersed finger tip and the oral temperature of the subjects were
measured every 10 seconds using thermistor probes. The subjective pain and thermal sensations in the immersed
finger were also reported by the subjects every one minute, using a four-point scale (1 :None, 2:Slightly painful,
3:Painful, 4:Very painful) and a seven-point scale (l:Very warm, 2:Warm, 3:Slightly warm, 4:Neutral, 5:Slightly
cold, 6:Cold, 7:Very cold), respectively. In addition, subjective comfort and thermal sensation for the whole
body were reported at the beginning and end of the experiment. To evaluate the CIVD reactivity, the following
parameters were used as previously reported (6, 8): the time (=TTR) and the temperature (=TFR) at which the
CIVD first begins to occur following the immersion; the maximum temperature rise (=AT) of CIVD during
immersion; mean skin temperature during the last 5 minutes of immersion (=MST). Two-way analysis of
variance (ANOVA) was used to statistically evaluate the effect of room temperature and repetition of immersion
on CIVD reactivity and subjective thermal responses.
RESULTS
Fig.l shows the changes in CIVD responses during the repeated cold-water immersion under three different
ambient temperature conditions (20°C, 25°C, and 30°C ). At the ambient temperatures of 30°C and 25°C,
marked CIVD response occurred and the CIVD reactivity did not significantly change upon repetition of coldwater immersion. The finger skin temperature during each post-immersion rest also tended to recover quickly to
the pre-immersion level. At the ambient temperature of 20°C, however, the CIVD response which markedly
occurred during the first immersion gradually weakened upon repetition of immersion and almost disappeared
during the final immersion. The statistical analysis of each parameter (TFR, TTR, MST, and AT) of CIVD
response using ANOV A revealed a significant decrease in MST and AT and a significant increase in TTR at the
ambient temperature of 20°C. The recovery rate of finger temperature during each post-immersion rest decreased
significantly upon repetition of immersion.
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Figure 1: CIVD responses during the repeated cold-water immersion under three different ambient
temperature conditions (20°C, 25°C, and 30°C ).

Fig.2 shows the changes in pain sensation of the immersed finger during repeated cold-water immersion under
the three different ambient temperature conditions. Finger pain sensation rapidly increased during each
immersion but it tended to decrease upon repetition of immersion. Furthermore, it completely disappeared during
each post-immersion rest period. The pain sensation during the immersion and post-immersion periods was not
significantly affected by ambient temperature.
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Figure 2: Changes in pain sensation of the immersed finger during repeated cold-water immersion under
the three different ambient temperature conditions (20°C, 25°C, and 30°C ).

Fig.3 shows the changes in finger thermal sensation during repeated cold-water immersion under the three
different ambient temperature conditions. Finger cold sensation rapidly increased during each immersion but it
tended to decrease upon repetition of immersion. Cold sensation was completely replaced by a warm or neutral
sensation during each rest period. The finger thermal sensation during the immersion and post-immersion
periods was not significantly affected by ambient temperature.
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Figure 3: Changes in thermal sensation of the immersed finger during repeated cold-water immersion
under the three different ambient temperature conditions (20°C, 25°C, and 30°C ).
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Oral temperature during the experiment showed no significant change at the ambient temperatures of 25°C and
30°C, whereas it decreased significantly at the ambient temperature of20°C (FigA).
Before the experiment, the subjects tended to feel "neither cool nor warm, and comfortable" at the ambient
temperature. of 25°C, "warm and comfortable" at 30°C, and "slightly cool and comfortable" at 20°C. After the
experiment, they tended to feel "neither cool nor warm, and comfortable" at 25°C, "warm and slightly
uncomfortable" at 30°C, and "cool and slightly uncomfortable" at 20°C (Fig. 5, Fig 6).
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Figure 6: Thermal comfort for the whole body before and after the experiment at the ambient
temperatures of 20°C, 25°C, and 30°C.

DISCUSSION

Several previous studies have shown that CIVD reactivity is strongly affected by environmental temperature or
body heat content (5, 8, 13): the higher the environmental temperature or body heat content, the greater the
CIVD reactivity; the lower the environmental temperature or body heat content, the smaller the CIVD reactivity.
However, it has not been shown whether this is also true for repeated cooling. The present study showed that
CIVD reactivity did not decrease significantly even after repeated cold-water immersion under thermoneutral
conditions or higher temperatures, because no significant change in the CIVD reactivity could be observed when
the subject felt neither warm nor cool, and thermally comfortable, without any change in oral temperature, or
slightly uncomfortable and warm, concomitant with a rise in oral temperature. On the other hand, this study also
showed that CIVD reactivity tended to weaken significantly after the repetition of cold-water immersion under a
cooler ambient condition where the body continues to cool and the subjects feel "slightly uncomfortable and
cool".
The recovery rate of finger temperature during each post-immersion rest also tended to decrease with repetition
of cold-water immersion under the cooler ambient conditions, whereas it did not change significantly under
thermoneutral or higher temperature condition.
In contrast to CIVD, subjective pain and thermal sensations of the immersed finger were not affected by
environmental temperature or body heat content; there was no significant difference of the subjective responses
between the ambient temperatures. In this study, we obtained two interesting findings: one is that pain and cold
sensations induced by cold-water immersion tended to weaken with the repetition of immersion under each
thermal condition (warm, neutral, and cool). The other finding is that finger pain completely disappeared and
finger cold sensation was completely replaced by a warm or neutral sensation during each rest period following
cold-water immersion under each thermal condition. As mentioned above, under cooler ambient conditions,
CIVD reactivity tended to weaken significantly with the repetition of cold-water immersion and the recovery rate
of finger temperature during each post-immersion rest decreased significantly upon repetition of immersion. This
suggests that excessive finger cooling progresses and the risk of frostbite increases with repetition of finger
cooling under cooler ambient conditions. Nevertheless, subjective pain and cold sensation during cold-water
immersion weakened with the repetition of cold-water immersion, and finger pain completely disappeared and
finger cold sensation was completely replaced by a warm or neutral sensation during each rest period following
cold-water immersion. This means that subjective thermal response such as finger pain or thermal sensation
during cold-water immersion and post-immersion rest may not be reliable indicators for warning the risk of
progressive finger cooling and frostbite. Thus, the finding in this study may partly explain how some cases of
job-related frostbite as mentioned earlier occurred without any subjective warning signs during work in cold
environments.

153

In conclusion, the present study suggests that under cool ambient temperature conditions where the body core
temperature is liable to decrease, repeated finger cooling may weaken CIVD reactivity and delay the recovery of
fmger temperature during post-immersion rest periods. It also suggests that under such conditions, subjective
judgements such as absence of fmger pain and occurrence of wann sensations during post-immersion rest may
not be reliable indicators of the risk of progressive finger cooling and frostbite.
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WEATHER CONDITIONS AND VIOLENT BEHAVIOR
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ABSTRACT

Several studies have shown that seasonal variation in suicide occurrence is associated with concomitant variation
of meteorological and biochemical variables, but no correlations have been reported between seasonal variation
of violent offences and weather conditions. We studied the correlation between the mean monthly values of
weather conditions and monthly suicide and homicide occurrence in Finland during the period January 1980 December 1995. Both violent suicide (r = 0.65, N = 12, p = 0.01) and homicide occurrence (r = 0.85, N = 12, p =
0.000)- but not non-violent suicides (r = 0.28, N = 12, p = 0.19) - had substantial correlation with ambient
temperature. A negative correlation was observed between platelet 5-HTT density and ambient temperature (r = 0.53, N = 12, p = 0.04). Statistical analysis revealed also a negative correlation between the natural variation of
5-HTT in healthy volunteers and longterm monthly mean homicide rate (r = -0.58, N = 12, p = 0.02). The results
indicate that high ambient temperature and sunshine are associated with lower peripheral 5-HTT density and
higher occurrence of violent behavior such as homicide and violent suicides.
INTRODUCTION

Several studies have shown that seasonal variation in suicide occurrence is associated with concomittant variation
of meteorological and biochemical variables. The highest correlations have been reported between violent suicide
rate and ambient temperature (r = 0.32) and, in biochemical correlations, between violent suicide occurrence and
L-tryptophan levels (r = -0.61) (1). This is in line with previous studies that indicate low CSF-5-hydroxyindoleacetic acid (5-HIAA) levels are associated with violent suicide and impulsive violence directed towards
other persons (2). However, no associations have been reported thus far between seasonal variation in violent
offences and weather conditions or serotonergic (5-HT) correlates.
METHODS

We have recently reported seasonal variation in the homicide occurrence in Finland and suggested that this
variation is associated with circannual rhythms of 5-HT transmission (3). These results encouraged us to study
the associations between homicide occurrence, weather conditions and platelet 5-HT re-uptake density. Based on
earlier studies, we formed a hypothesis stating that there is a positive correlation between ambient temperature
and the occurrence of homicide. A second hypothesis stated that there is a negative correlation between platelet
5-HT re-uptake site (i.e., citalopram binding) density and the occurrence of homicide, as it has been shown that
low levels of platelet paroxetine binding (4) (i.e., 5-HT re-uptake sites) as well as low 5-HT re-uptake site
densities in the midbrain are associated with aggressive behavior. An earlier study has already demonstrated that
peripheral and central 5-HT uptake sites are analogous in humans.
The permission for the study was obtained from the local ethical committee. The blood samples were obtained
from 18 healthy males receiving no medication and living within 50 km from the town ofKuopio, 63° 01' Nand
27° 48' E, at monthly intervals (from December 1996 to November 1997). Concentrated homogenates were
prepared from platelet rich plasma, and the Kd and Bmax were determined with eu]citalopram in triplicate for all
samples (nonspecific plus samples in duplicate) as previously described (5). Inter-assay variability did not exceed
10%. The long-term average monthly homicide rate (N = 4,533, statistical data available during the years of 1957
- 1995) (3) as well as violent (N = 14,965) and non-violent (N = 6,314) suicide rates (data available during the
years of 1980 - 1995) (3) were obtained from the Statistics Centre of Finland. These rates were correlated
(Pearson correlation) with the monthly mean temperature, sunlight hours, relative humidity and air pressure
(obtained from the Finnish Meteorological Institute, Kuopio measurement station during the period of December
1996 -November 1997) and the monthly mean Bmax values.
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RESULTS
As expected, in homicides the strongest correlation was observed between the monthly homicide rate and
monthly mean ambient temperature (r = 0.85, N = 12, p = 0.000) which was in line with the first hypothesis.
Sunshine hours (r = 0.69) and relative humidity (r = -0.54) also had a substantial correlation with the monthly
homicide occurrence. High correlation coefficients were observed between violent suicides and relative humidity
(r = -0.83), sunshine hours (r = 0.80), and ambient temperature (r = 0.65). The corresponding correlations were
notably weaker in non-violent suicides for ambient temperature (r = 0.28), sunshine hours (r = 0.41) and relative
humidity (r = -0.45).
The mean Bmax values for the 5-HT re-uptake site showed a clear seasonal fluctuation with a maximum in
February and minimum value in July. As expected, statistical analysis revealed a negative correlation between the
natural variation ofBmax in healthy volunteers and longterm monthly mean homicide rate (r = -0.58, N = 12, p =
0.02) and, therefore, the second hypothesis was accepted. (See Figure 1). The correlation was weaker for violent
suicides (r = -0.38), and the corresponding correlation for non-violent suicides was only -0.13. When the monthly
meteorological variables from the same time period were correlated with the monthly Bmax values, the strongest
correlation was seen - again - for ambient temperature (r = -0.53, N = 12, p = 0.04), and moderate negative
correlation as observed also for sunshine hours (r = -0.32).
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Figure 1. The correlation (r = -0.58) between monthly homicide rate deviation (observed vs expected
monthly homicide rate/number of days) and mean monthly platelet 5-HT re-uptake site density <BmaJ•

DISCUSSION
Low platelet 5-HT transporter density (Bmax) explained 33% of the long-term seasonal variation of homicides,
and 14% of the corresponding variation of violent suicides, but only 2% of non-violent suicides. To our
knowledge, this is the first report demonstrating that seasonal variation of homicide rate is associated with
weather conditions and 5-HT function. The most probable explanation for this association is that ambient
temperature and light modify brain serotonergic function of the brain, but weather may also influence dietary
habits and indirectly modify 5-HT activity. This may explain why "good" weather conditions are associated with
higher rates of homicides and violent suicides.

REFERENCES
1.

2.
3.
4.
5.

Maes, M., eta/. 1995. Seasonal variation in plasmaL-tryptophan available in healthy volunteers. Arch. Gen.
Psychiatry 52:937-946.
Linnoila, M., Virkkunen, M. and Scheinin, M. 1983. Low cerebrospinal fluid 5-hydroxyindoleacetic acid
concentration differentiates impulsive from nonimpulsive violent behaviour. Life Sci. 33:2609-2614.
Tiihonen, J., Rasiinen, P. and Hakko, H. 1997. Seasonal variation in the occurrence of homicide in Finland.
Am. J. Psychiatry 154:1711-1714.
Coccaro, EF., eta/. 1996. Impulsive aggression in personality disorder correlates with tritiated paroxeting
binding in the platelet. Arch. Gen. Psvchiatry 53:531-536.
Callaway, JC., et a/. 1994. Platelet serotonin uptake sites increased in drinkers of ayahuasca.
Psychopharmacol. 116:385-387.
156

RELATIONSHIP BETWEEN CVD MORTALITY
AND ENVIRONMENTAL TEMPERATURE
S. Yamanaka1 andY. Nakamura2
1.
2.

RILlS Co. Ltd., Toyonaka, Osaka 561-0845, JAPAN
Department of Environmental Engineering and Symbiotic Sciences, Prefectural University of
Kumamoto, Kumamoto 862-8502, JAPAN

ABSTRACT
Relationships between CerebroVascular Disease (CVD) mortality and monthly mean temperature were analyzed
in 7 regions in Japan. To make possible an analysis, a new "death index" was introduced. It is defined as the
difference between the death rate calculated with regression model of annual death rate during two decades
(1972-1991) and the observed actual death rate. Then 240 death indices during the decades were plotted versus
corresponding monthly mean temperatures for each region. Every regression curve obtained from the
relationship between two variables mentioned above curved downward, that is, it had a minimum in the range of
temperature 20-30°C. Above this temperature the death index rose with rising temperature and below this
temperature it also rose with decreasing temperature. The mortality-minimum temperature was determined by
using five-order regression curves, which showed the best fitting for every region.
CVD mortality was observed to be minimum at ca. 22°C, the monthly mean outdoor temperature, in Hokkaido
which is located in the northern end of Japan. Besides it was done at ca. 25°C in Kyoto city, Tokyo, Ishikawa,
Wakayama prefectures which are located in the middle and at ca. 28°C in Okinawa prefecture which is located in
the southern end. This mortality-minimum outdoor temperature varied according to each average air
temperature. It was regarded as the environmental neutral temperature for human and its importance for the
indoor thermal environment design was emphasized.
INTRODUCTION
A number of studies have been carried out about relationship between mortality caused by circulatory diseases,
e.g. heart disease, cerebro vascular disease (CVD) and meteorological variables. It is well-known that death rate
caused by such diseases rises with descending outdoor temperature in winter. Recently the higher temperature in
summer has proved to be a risk factor in addition to the cases of diseases above mentioned, for the aged in
particular ( 1-4).
These results suggest that there is a mortality-minimum air temperature for human. It may be elucidated what the
environmental neutral temperature from the viewpoint of physiology, the optimum temperature or the safest
temperature for the aged is, if we can know the mortality-minimum temperature.
In this study, the analysis used monthly CVD mortality which could be considered to be the most reliable
statistics available and then the monthly mean temperature corresponding to it in 7 regions in Japan for 20 years
(1972-1991).
Monthly CVD mortality varies in yearly cycles which usually show a peak in winter and a minimum in summer.
Monthly mean temperature varies in yearly cycles as well.
The mortality-minimum temperatures were determined by analyzing the association of "death index" with
temperature and discussed in connection with the thermal neutral point. Usually the neutral temperature should
not be considered a point but a zone, i.e. the thermal neutral zone. The aim of this study, however, is to obtain it
as a point from the practical interests(5).

MATERIALS AND METHODS
1. Selection of regions

Six prefectures and 1 city were selected. Those are Hokkaido(the coldest climate in Japan), Fukushima(high
CVD mortality), Ishikawa(high snowfall in the middle of Japan), Tokyo(the most crowded urban),
Wakayama(high total mortality in the middle of Japan), Okinawa(the hottest climate in Japan) of respective
prefectures and Kyoto city(typical inland climate). They are located over the country, that is from the north end
to the south end of Japan islands. Their populations are in the range of a million to ten millions.
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2. Statistics on deaths and meteorological data
Statistical data on CVD deaths for the whole population irrespective of age were obtained from the Annual
Reports of Health Statistics(l972-1991) published by each local government.
Meteorological data for each region were obtained from the main meteorological observatory station located in
the capital city of the region except Hokkaido. They are accessible from the Monthly Weather Reports (19721991) published by the Meteorological Agency of Japan. In Hokkaido, whose area is much larger than the
others, meteorological data were obtained from the population-weighted average of 4 stations' observations.
The meteorological variable for the final analysis, i.e. monthly mean temperature, was selected by the traditional
technique of stepwise regression analysis.
3. Data processing
Usually the variation pattern of monthly death rate with yearly cycle caused by CVD is slightly different every
year and the effect of higher temperature in summer is too small to be detected. Therefore the mortalityminimum temperature can not be obtained by using a single year data. In this study, analysis used 240 monthly
data of 20 years ( 1972-1991) for each region except 2 regions ( 15 years ( 1977-1991) for Fukushima and 19 years
(1973-1991) for Wakayama). Before the analysis, the long-term trend in which the yearly death rate has been
descending year by year was removed by introducing a new variable. It is defined as the difference between the
death rate calculated with regression curve of annual death rate during two decades ( 1972-1991) and the
observed actual death rate for every month for every region. This variable what we call "Death Index" in this
study is illustrated in Fig.1 (6). Although this variable may not be applicable to estimate the dependence of
mortality on locality, it is considered to be useful to investigate the relationship between mortality and air
temperature.
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RESULTS AND DISCUSSION
1. Regression equation for yearly death rate change
Regression analyses of death rate against time (year) were performed assuming the exponential equation from
the shape of descending curve. According to the values of correlation coefficients and standard error of
regression coefficients, they were considered to represent the long-term trends sufficiently. Further details of
these equations are presented elsewhere (7).
2. Determination of mortality-minimum temperature
In the first place, death indices were plotted against corresponding monthly mean temperatures for every region
which are shown as small circles on the diagrams from Fig.2 (a) to Fig.2 (g). (The curved line in each graph will
be treated later.)
Although it appears from the scattering of data that each region has a mortality-minimum point, it is not clear.
Then the regression analyses were carried out with the presumed 51h order equations. The curved line in each

158

graph except (h) and (i), shows the 5th order regression curve. Curve fittings were tried for the polynomial from
3rd to 6th order. Out of them, 4th and 3rd order curves for Okinawa were shown in Fig.2 (h) and (i). As the results,
51h order proved to be enough to meet the present need. Each curve has a bottom in the range of 20-30°C of
monthly mean temperature except Fukushima for which such point was not obtained and its reason is unclear.
Then mortality-minimum temperature was obtained from the coordinate on the abscissa of minimum point for 6
regions each.
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The results are listed in Table l. They are 22.l°C in Hokkaido, 24.5-25.4°C in Tokyo, Ishikawa, Wakayama and
Kyoto, 28.0°C in Okinawa. There were little differences among 4 regions in the middle of the country while ca.
3°C differences between Hokkaido and each region in the middle and between one of them and Okinawa.
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Table 1 Neutral temperature for each region (0 Q

region

oc

Hokkaido

22.1

(0..530)'

Tokyo

2.5.4

(0.732)

Ishikawa

24.7

(0..52 1)

Kyoto

24..5

(0..590)

Wakayama

2.5.1

(0.683)

Okinawa

28.0

(0..53 1)

3. Validity of the values obtained

There have been obtained a number of optimum temperatures through surveying the actual conditions in previous
studies. They are in the range from I8°C to 28°C and considered to change depending on era, location and season.
The mortality-minimum temperature obtained here is monthly mean value and it ought to reflect the daily outdoor
temperature change. Then this mortality- minimum monthly mean outdoor temperature is regarded to correspond to
the environmental neutral temperature for human at which the physiological load may be the least. At the same time
it must correspond to the "optimum" and moreover the "safest" for the aged. So it is essential to take account of
these facts on designing an indoor thermal environment.
These 6 neutral temperatures were plotted against corresponding averages of outdoor temperatures in Fig.3(the
straight line on the graph will be treated later). The data were scattered into three parts, i.e. Hokkaido(A), middle of
Japan(B) and Okinawa(C). There are ca. 3°C differences of neutral temperatures between A and B, B and C as
described above.
Three parts in Fig.3 are on one straight line and then these are considered to be valid. Based upon Fig.3, it can be

presumed that the environmental neutral temperature may be ca. 25°C or lower at the location colder than Ishikawa
of which mean outdoor temperature is 14.1 °C, while it may be ca. 25°C or higher at the location hotter than
Wakayarna of which mean outdoor temperature is 16.1°C.
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4. Comparison of these results with previous data
Auliciems and Frost (3) reported that minimum counts of death from myocardial infarction in Montreal were
observed at 19-21 °C.
By comparison, they demonstrated that the mortality-minimum temperature at Montreal is in some 4°C below
that at subtropical Brisbane. Further, they emphasized that the apparent "optimum" temperature of 19 to 21°C is
that predicted as thermal neutrality for Montreal by established empirical relationships between mean
temperatures and subjectively perceived indoor comfort.
Although in Kyoto at l5°C the death index is close to zero as shown in (e) of Fig.2, in Okinawa it becomes
positive value near to +I in (g) of Fig 2. Zero of the death index means that the death rate is near to the yearly
death rate. In Kyoto as well as Tokyo, Ishikawa, Wakayama, the death rate is nearly equal to the yearly mean
value at 15°C. In Okinawa, however, at the same temperature, the death rate is higher than the yearly mean
value. It is consistent with the results on cardiovascular deaths in Montreal and Brisbane reported by Auliciems
et al.(3-4).
They also presented a formula concerning a relationship between outdoor temperature and thermal neutrality(4).
Following them, here is presented another formula as follows ;
Ten = 0.43

* Tm + 18.4

where Ten is the environmental neutral temperature determined here and Tm is the monthly mean temperature
for a particular location. This formula is shown as the straight line in Fig.3. It is recognized that three parts, i.e.
Hokkaido, 4 regions in the middle of the country and Okinawa are on the same line. These phenomena might be
attributed to habituation of human for the locality concerned including acclimatization.
Even today, the mechanisms of adaptation to outdoor temperature are still important to human, particularly for
the aged, because away from the thermal neutrality, the probability of death rises, as reported here.

CONCLUSIONS
I.

CVD mortality was observed to be minimum at ca. 22°C, the monthly mean outdoor temperature, in
Hokkaido which is located in the northern end of Japan. Besides it was done at ca. 25°C in Kyoto, Tokyo,
Ishikawa, Wakayama which are located in the middle and at ca. 28°C in Okinawa which is located in the
southern end.

3.

The mortality-minimum temperature obtained here is monthly mean value and it ought to reflect the daily
outdoor temperature change. Then this mortality-minimum monthly mean outdoor temperature is regarded
to correspond to the environmental neutral temperature for human at which the physiological load may be
the least. It is essential to take account of these results obtained here on designing an indoor thermal
environment.

4.

It can be presumed that the environmental neutral temperature may be ca. 25°C or lower at the location
colder than Ishikawa of which mean outdoor temperature is 14.1°C, while it may be ca. 25°C or higher at
the location hotter than Wakayama of which mean outdoor temperature is 16.1°C.
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TIME VARIABILITY OF METEOROLOGICAL PARAMETERS USED IN
PHENOLOGICAL MODELLING
Skaar, Endre 1
l. The Norwegian Crop Res. Inst., Geofysisk Institutt, Univ. of Bergen, Allegt. 70, 5007 Bergen

ABSTRACT

Series of phenological observations from the last decades frequently show a significant trend in the year-to-year
variation. Typical examples are found in series of observations of flowering days. The explanations of this have
been many; adaptation to environmental factors, 'ageing', and changing of the environment. The growth and
development of a plant is affected of a variety of environmental factors, and it seems to be an impossible task to
make a complete model. Observations indicate that temperature conditions at wintertime might affect the start of
the phenological development in trees the following spring and even influence the time of the flowering. Winter
climates of Southern Norway are related to the type of air masses passing the country. Northern and eastern air
masses give cold and dry winters while prevailing westerly and southerly winds give wet and mild winters. The
air currents on a macro-scale are results of the large-scale air pressure situation in The North Atlantic, and as a
measure of this, the North Atlantic Oscillation Index is often used (NAO), which is based on anomalies of the
difference in surface air pressure between Iceland and Portugal. In wintertime this index is strongly correlated
with the frequency of westerly weather types passing Western Europe - and with the winter temperature
conditions in Southern Norway. In the last 25 years the NAO index has had a well defined increase, and in the
same period most of the winters were relatively warm and wet in Southern Norway. In this paper the NAO index
is compared, not only to temperature, but also to the time of flowering the following spring. As a reference to
this, meteorological and phenological data from Slovenia are used. Time variations of these data are surprisingly
similar to what is found in the data from the north-western coast.
INTRODUCTION

Systematic observations of phenological events reveal year-to-year variations as well as trends in the variation
over decades. This is more or less obvious in a majority of the phenological series from Europe. The variations
are usually explained by local climatological data and the relations are often limited to the actual locality. An
example of a well documented phenological state is flowering. The time of this event is dependent on climate,
especially temperature. In climates where mild winters give a relatively long period of dormancy, there are often
periods when relative high temperatures induce phenological development even if a rest intensity of dormancy is
present in the plants (I ,2,3). Temperature conditions in this late winter periods may therefore affect the time of
the much later flowering. The onset of the phenological development therefore varies with type of climate, and
the difference in flowering time of fruit trees between Southern and Northern Europe is about 3 weeks.

Fil~ure

1.

Studies of trends in local climate records in North-Western Europe
recognise the presence of strong regional patterns of change
associated with the North Atlantic Oscillation Index (NAO) (4).
The NAO, which is associated with changes in the surface
westerlies across the Atlantic onto Europe, refers to a meridional
oscillation in atmospheric mass with the centre of action near the
Islandic low and the Azores high. Although it is evident throughout
the year, it is most pronounced during winter and accounts for more
than one-third of the total variance of the sea level pressure field
over the North Atlantic (5,6). A simple index of the NAO can be
defined as the difference between the normalised mean sea level
pressure anomalies at Lisboa, Portugal and Stykkisholmur, Iceland,
Figure. I (7,8). Sea level pressure anomalies at each station were
normalised by dividing each seasonal pressure by the long-term
mean standard deviation. The variability of the mean NAO index
for the months JFM, 1961-90, is shown in Figure 2. Positive values
of the index indicate stronger-than-average westerlies over the
middle latitudes associated with low pressure anomalies over the
region of the Icelandic low and anomalous high pressure across the
subtropical Atlantic.
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NAO is related to the force of the westerly wind-belt in the North Atlantic and North-West Europe, and thus
controls much of the weather in these areas. Figure 2 shows that this index has a relatively large oscillation
between years. That means that if the NAO-index exceeds the normal value one year, there is a high probability
for less anomalous values the following year. In addition to these patterns, there are longer periods (decades)
where the index on average is high, or low. From the 1930's to about 1960 the tendency was falling which gave
colder winters than normal.
The last 25 years have seen a remarkable increase in the NAO index (Figure 2), and for most years since 1980 it
has been higher than normal. The winters (December-March) 1983, 1989 and 1990 had the highest indexes
measured since the observations started in 1864. The numbers of lows in the North Atlantic with pressure less
than 950 hPa has been remarkable higher after 1980 than before. An oscillation with a return period of 8 years in
the variations of the NAO index is also found in the variations of winter temperatures in Northern Europe (6).
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Figure 2. The NAO index, means for the months January-March, 1961-90.

RESULTS AND DISCUSSION
In this paper 3 month averages of the NAO index are compared with normalised values of anomalies of averages
of temperature and of anomalies of day number of flowering in apples, 1961-90, for two localities; Njes,
Norway, and Ljubljana, Slovenia (Figure 1). Njes (61°11', 6°52') is situated at the western coast of Norway,
with an oceanic climate and mild winters. In Ljubljana (46°04', 14°31 ')the climate is more continental, but in
spite of the difference in latitude the average temperatures of the winter months are not very different at the two
stations, Table I. For data from Njes, correlations of 3-months mean of the NAO index with normalised
temperature anomalies are highly significant for the periods DJF, JFM and FMA. For earlier and later 3-month
periods the correlations are not significant. For Ljubljana, correspon9ing correlations give highly significant
values for the periods DJF and JFM and not significant values for earlier and later periods. The expression
cov(x,y), which give the covariance between two variables with linear regression, indicate the same relations.
While the numbers of mean values of the NAO index and temperature in Table 1 represent the same period, the
flowering time is in late April and early May in Slovenia, and in late May in Norway. The calculations indicate
that normalised flowering time anomalies for Njes is highly correlated with the mean NAO index for the periods
DJF and JFM, and for Ljubljana for the period JFM. The negative numbers indicate earlier flowering (reduced
day number) when relative high value of the NAO index (relative high temperature).
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Table 1. Correlations and Covariance of flowering date and NAO-indexltemperature, at Njes and
Ljubljana. T M: average temp., F2 : beginning of bloss., F3 : full bloss.

NDJ

NjlJS
0

DJF

JFM

FMA

-0.32
0.667"xx
1.089

0.13
0.685"""
1.097

2.92
0.573 ...
0.680

TM( C)
r(t,nao)
cov(t,nao)
F2 (xM=l41)
r(ph,nao)
cov(ph,nao)

0.73
-0.125
-0. 142
-0.136
0.231

-0.512xxx
-1.085

-0.461"""
-0.991

Ljubljana

NDJ

DJF

JFM

FMA

1.16
0.221
0.368

0.1
0.47xxx
1.0

2.23
0.513...
1.107

5.57
0.319
0.536

0

TM( C)
r(t,nao)
cov(t,nao)
F2 (xM=119)
r(ph,nao)
cov(ph,nao)
F3 (xM=l23)
r(ph,nao)
cov(ph,nao)

-0.437xx
-0.734

-0.134
-0.229

-0.39"
-0.828

-0.468"xx
-1.009

-0.406"
-0.683

-0.115
-0.196

-0.36"
-0.765

-0.419"""
-0.903

-0.365"
-0.615

The variation of the NAO index, means for the months JFM, and the normalised flowering date anomalies, 196190, for the two localities Njas and Ljubljana are shown in Figure 3 and 4. The polynomial smoothing of the
series illustrates the similarities of the variations of flowering date anomalies at the two localities. Both series
indicate positive anomalies of flowering date in periods with low values ofNAO and vice versa.
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Figure 3. NAO(JMF) and normalised flowering time anomalies (F2), Njes, 1961-90.
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Figure 4. NAO(JFM) and normalised flowering time anomalies (F2 and F3), Ljubljana, 1961-90.

The linear trend of the variations of the NAO index in the period 1961-90, as illustrated in Figure 2, indicate a
remarkable increase, especially in the last 25 years. Analysis of the corresponding linear trend in mean
temperatures for the months JFM give an increase of 0.6°C at Njes and 1.2°C at Ljubljana in these 30 years,
which for both samples are smaller than the respective standard deviations. Hurrell (9) found that nearly all
warming across Europe, and downstream over Eurasia, since 1980 can be linearly related to the NAO index. But,
even if there is a strong relation between the year-to-year variations of the NAO index, temperature and
flowering time, in the present series there is no significant tendency of change in flowering time. Linear trend
analysis gave a total decrease in flowering time of about one day at both localities, which is much smaller than
the variances of the samples.
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NETWORKING WITH THE SATELLITES:
PERSPECTIVES ON THE FUTURE OF PHENOLOGY
M.D. Schwartz
Department of Geography, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53201-0413 USA

ABSTRACT
Phenology is the study of plant and animal life stage timing, as driven by environmental factors. The discipline
has laboured in relative obscurity from the general scientific community, accumulating and analysing diverse
observations, spanning centuries in some locations. Recently, however, phenology is being rediscovered as an
important focus for ecological research, especially in the areas of global modelling and change. This interest is
being generated both by the promise of the field to address important global change questions, and the need to
calibrate biosphere-related databases now being generated from satellite remote sensing observations.
Satellite data are necessary for global coverage, but must be augmented to overcome problems of interpretation
and scale. Native species and carefully-selected inter-regional indicator plant observations can facilitate
development of appropriate transfer functions. All these data provide convenient markers for tracking a variety
of mass and energy balance interactions between the atmosphere and biosphere. Further, the observations
themselves are also useful records of biospheric responses to global change.
These important applications, as well as others, will be best advanced through the rapid and systematic
development of national and global phenological observation networks, working in concert with satellites. The
situation is not unlike that facing atmospheric science in the late l91h century. Current understanding of
atmospheric behaviour is a legacy of a standardised global meteorological network. Fortunately, a global
phenological network should be easier and less costly to construct, for a variety of reasons. In the 21st century,
phenology will contribute to greater understanding of biospheric processes at all scales, and facilitate global
change monitoring efforts.
INTRODUCTION
Changes in plant development and animal behaviour have long been recognised as signs of seasonal progression.
For many early societies, observations of these events provided valuable information to plan agricultural
activities, such as planting and harvest. Thus, it is not surprising when the scientific study of these phenomena
(phenology) began to emerge, that this agricultural focus remained dominant. The literature is filled with vast
numbers of studies examining phenological development of particular crop or fruit species. The general
objective of this research is to understand the driving environmental processes better, and ideally produce
models capable of predicting the phenological response. In this mode, phenology concentrates on local-scale
events, and does not generate appreciable broader scientific involvement. An agricultural-centred research focus
remains important, but recent interest in global change has stimulated new interdisciplinary applications for
phenological research (1,2,3,4).
During the last several decades, global change research has developed from early attempts to model atmospheric
behaviour alone, to current coarse simulations involving many Earth systems (atmosphere, ocean, land, and
biosphere). The general scientific community has accepted the challenge of analysing Earth processes
collectively, rather than in isolation, as possible. This consensus has emphasised a number of critical areas of
research relevant to phenology, including: I) development of global vegetation databases, 2) global-to-local
scale issues in data analyses, 3) long-term response of animals and vegetation to climate change, and 4) transfer
of energy, mass, and momentum between the atmosphere and land biosphere. Equally important to this research
agenda is the need to raise the general level of scientific and environmental awareness in society. Phenological
observations offer simple and elegant ways to involve, excite, and educate the public about the
interconnectedness of natural systems (5). I will now briefly discuss current applications of phenological data
and analyses to each of these areas, ending with an assessment of needed future efforts and directions.
DISCUSSION
For many global-scale issues, an "integrated approach" to phenological data analyses appears advantageous
(2,6,7). This system includes three data types or levels: 1) Satellite-derived metrics, which provide necessary·
global coverage; 2) Native species phenology, which is necessary for interpretation in a particular biome; and 3)
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Indicator species phenology (or models), which provide a means to compare with atmospheric measurements,
develop long-term assessments, and interconnect biome responses. This integrated approach theme will be the
starting point for detailed discussions that follow.
Global vegetation databases
Among the needed items for future global change models is a detailed assessment of the land surface types and
interaction properties of all locations on the Earth. Efforts to develop this comprehensive global inventory of
cover types must rely on satellite-derived information, such as daily Normalised Difference Vegetation Index
(NDVI) 1-k.m resolution data. Only satellite data have the potential to observe all portions of the Earth's land
surface systematically. Even such robust data have several limitations, and require careful study to be fully
understood and interpreted (8). Sensor calibrations are delicate, and can change with satellite platforms, time of
year, age of the instrument, and viewing angle. Modem pre-processing techniques account for these listed
difficulties rather well, but some concerns remain about their residual effects on certain applications.
Cloud-cover is the most persistent and intractable problem of visible and infrared satellite remote sensing (bands
used for generating NDVI). Over half the Earth's surface is covered with clouds at any one time, and if one
neglects perpetually cloud-free areas such as the Sahara desert, the proportion in many locations is even higher
(7,9). So, while satellite data are collected daily, only half or less of these potential scenes are usable. Thus,
some process is necessary to remove this cloud-cover contamination and recover as much "real" signal as
possible. One of two approaches is commonly used. The first (compositing) examines 7, 10, or 14 day periods,
and selects the maximum NDVI values from this daily data array for each pixel (9). Highest NDVI values are
presumed to be "real," and so temporal resolution is sacrificed to remove cloud cover contamination. The larger
the compositing period the less likely that any contaminated values remain. A second approach (best index slope
extraction, BISE) attempts to filter out pixel values associated with rapid nonpersistent increases or decreases in
NDVI, not caused by natural vegetation change (10,11). Unlike compositing, BISE preserves temporal
resolution. Whatever the technique selected above, the next task is to interpret the satellite-derived signal in
order to discriminate between land cover (vegetation) types.
Phenology-related metrics tum out to be one of the more useful contributors to land cover type identification.
Differences in the starting and ending times of the "active" vegetation period (onset of "spring" and "autumn")
in locations with seasonal climates, along with maximal NDVI value, are excellent ways to identify a cover type
from satellite data (9). Several large area land cover classification studies using this general methodology have
been completed, and projects to classify the entire Earth's land surface are underway (12,13). However, several
unresolved issues are arising from satellite-derived metrics that would benefit from greater coordination with
surface phenological data. First, satellite data are not yet available for long periods (roughly I 8 years maximum)
so the yearly metrics lack a baseline for comparison. Land cover inventories need to be able to deal with the
problems of yearly changes in coverage that result from actual coverage changes, and discriminate these from
variations that may only be the result of anomalous meteorological conditions. Second, the exact nature of the
onset and offset detected from the satellite metrics is not clear in some biomes. For example, it appears that in
forest biomes, onset of the understory (shrubs and grasses) is what is being observed (14). In the future, a
coordinated network of carefully selected native species and indicator plants will greatly facilitate the
acquisition, accuracy, and maintenance of a global land cover inventory.
Global-to-local scale issues in data analyses
The issue of scale enters global land cover and vegetation analyses primarily as an aspect of surface
heterogeneity. Satellite-derived metrics typically merge information from an area of 1 km2 or greater. These
large areas are often a mix of several cover classes, and even single types, such as forest, are composed of many
species. Such data integration is conducive to a global-scale analysis, but difficult to rectify with needed detail
from individual species data. The integrated approach of phenological data analyses (satellite-indicator-native)
can help in bridging the spatial gap between local and larger-scale measurements. Individual phenological
events can be dissected into three parts: 1) the climatic component, a reflection of long-term environmental
conditions, which defines the expected range of the response; 2) the meteorological component, determined by
the specific set of weather events in the selected year; and 3) the genetic component, regulated by the
predetermined response of a particular species to environmental stimuli. A combination of carefully selected
indicator and native species phenological data for selected sites can be used to separate the three components
listed above, in preparation for comparison with satellite-derived metrics over larger areas ( 1,2, 14). Such an
approach will facilitate the development of transfer functions ("rulers"), to allow direct comparisons between the
integrated response sensed by the satellite metrics, and specific events manifested by individual species. Initial
efforts are underway to create these transfer functions for selected sites in North America and China. Once
again, a global network of surface phenological observation sites will allow future projects to advance this
research across seasonal climatic regions worldwide.
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Long-term response of animals and vegetation to climate change
Phenological events are directly triggered by environmental influences. Annual observations of the same events
and species provide an integrated chronology of any changes in the driving factors. Careful correlation of
phenological records with modem instrumental (temperature) data has allowed phenological observations of the
past to serve as proxies in the reconstruction of historical climates ( 15). In reverse, phenological models can also
expand the length and geographical extent of contemporary studies of phenological responses (I ,2,6,7, 16,17, 18).
Multiple studies have shown that both plants and animals are responding to recent increases in temperature,
especially during the spring season (3,19,20,21,22,23). Thus, a systematic global phenological monitoring
(GPM) network could provide valuable comprehensive information about the biological effects of future climate
variations (24).
Transfer of energy, mass, and momentum between the atmosphere and land biosphere
When mid-latitude plants break their winter dormancy and begin to transpire actively and photosynthesize, the
surface energy balance is radically changed (25). Active plants transpire moisture and alter the carbon dioxide
content of the lower atmosphere, as well as modifying the roughness of the surface. Important research
questions revolve around how these processes can be assessed across scales (26,27). For example, can satellite
NDVI observations be compared with site-based surface energy balance measurements? Model-based surface
phenological measurements have shown surprisingly good correlation to changes in the diurnal temperature
range, implying that the lower atmospheric conditions in Spring do react to generalised phenological signals
(27). Current research is underway to compare phenological responses directly to surface energy balance and
carbon flux information at selected sites in the eastern USA. In the future, these efforts will lead to a better
understanding of the interaction of the lower atmosphere with springtime plant development. Together with the
scale issues mentioned above, this may lead to greater knowledge of the geographic patterns of the surface
energy balance and its variability. Ideally, this research will eventually contribute to an interactive mid-latitude
"green wave" simulation routine, which could be fused with Global Climate Models.
Environmental education
Phenology's ability to combine beauty and elegance (e.g. flower blooms) with valuable data provides excellent
opportunities to "connect" students and the general public with science. Phenological observational networks
can be linked to primary and secondary school curricula through programs like Plantwatch (5) and GLOBE
(Global Learning and Observations to Benefit the Environment, http://www.globe.gov). Exercise topics cover a
wide array of interdisciplinary problems in geography, mathematics, botany, remote sensing, and more. Greater
understanding and participation of individuals in scientific projects will enhance environmental awareness and
sensitivity, and facilitate better future policy decisions.
Summary
My personal focus is clearly on contributions of phenology to global change issues. I want to stress that
"traditional" areas of phenological research must also be actively pursued to support these global-scale analyses.
Careful studies of phenological definitions, event variations with age, root stock (for cultivars), and soil, as well
as proper threshold temperatures and other factors can greatly increase the functionality of all phenological
models (28,29,30,31 ,32,33,34). The following final paragraphs repeat, to some large degree, themes stated in a
previous paper, which also addressed the future of phenology (1).
Understanding the dynamics of global change, and modelling the Earth's physical systems will require
concentrated interdisciplinary effort (35,36,37,38,39). Phenological analyses can play an important role in this
ongoing work. Development of systematic observation networks on the national and global scale will be critical
to realising such potential contributions. The situation has similarities to meteorological data networks at the
end of the 19'h century. Without the legacy of a standardised global data network, current understanding of
atmospheric behaviour would be dramatically impoverished ( l ).
Fortunately, integrated phenological-biospheric observation networks that include satellite, native species, and
indicator plant information should be relatively easy to construct: l) A new generation of orbital satellite sensors
will soon be launched (e.g., Earth Observing System, EOS) to complement surface phenological data collection.
Thus, low density (and cost) surface networks will be sufficient; 2) Scientific data collection can be tied to
educational initiatives, such as the Global Learning and Observations to Benefit the Environment (GLOBE) and
Plantwatch; 3) Other organisations and data networks, such as national parks, global biosphere reserve sites,
climate stations, agricultural experiment stations (early contributors to phenological networks in the USA), and·
phenological gardens can be engaged for phenological data collection; and 4) The Internet offers an efficient
and cost-effe.ctive communication system to gather data and provide user feedback. Bolstered by global surface
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data collection, phenological research will be poised to improve undet:Standing of atmosphere-biosphere
interactions. that have implications for global change ( 1}-such as the onset of Spring plant growth in temperate
climates (green wave).
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ABSTRACT
The objectives of this study are to reveal the relationships between plant phenology and satellite sensor-derived
greenness and to advance a new method for determining the growing season of land vegetation at the regional
scale. Three phenological stations were selected as sample sites to represent different climatic zones and
vegetation types of the Northern China. The mixed data set consists of occurrence dates of all observed
phenophases of 50-70 kinds of trees during 1983 and 1988. Using these data, we calculated the cumulate
frequency of phenophases in each five-day period (pentad) from beginning to end of each year and drew the
cumulate frequency distribution curve for each site and every year, which presents typical characteristics of the
seasonal aspect of the plant community. The growing season was determined according to the time interval
between 5% and 95% of the phenological cumulate frequency. The average lengths of the growing season are
between 188 and 259 days from the northern to the southern part of the research region. The beginning and end
dates of the surface-growing season were then applied as the time thresholds to determine the corresponding 10day greenness values on the NDVI curves of the 8km2 pixels in which the phenological stations are located year
by year. The result shows that at the beginning of the growing season, the largest average greenness value occurs
in the southern part, then in the northern and the middle part of the research region, whereas at the end of the
growing season, the largest average greenness value takes place in the northern part, then in the middle and the
southern part of the research region. These NDVI thresholds can be then used to determine the growing season
of similar plant communities at other sites, at which the surface phenological data are not available.

INTRODUCTION
For several years the determination of growing season of land vegetation at large scales has become an important
scientific question in the field of global climate change. Some studies showed a lengthening of the growing
season in the Northern Hemisphere based on records of the seasonal signal in atmospheric C0 2 and the surface
air temperature since the early 1960s, and satellite data from 1981 to 1991, respectively ( 1-2). This result was
supported by surface phenological observation of individual plant species in Europe (3). However, before a
detailed integrative analysis between the surface vegetation dynamics and remote sensing measurements, such as
normalized difference vegetation index (NDVI) could be carried out, this estimate can not yet be proved at the
regional scale. Therefore, there is a need to determine the temporal relationship of surface green wave phenology
with the NDVI phenology (4). Because the current state of knowledge about how well the satellite sensorderived greenness actually represents conditions on the ground phenology is relatively unknown (5), we propose
a new statistical method to determine the growing season based on plant phenological and NDVI data and assess
its feasibility in application in the temperate region of the Northern China.
NDVI is sensitive to variation in vegetation cover or density and provides a simple but efficient tool to document
the biophysical state of the continental surface (6-7). However, remotely sensed data are not adequate to fully
describe how the biosphere functions, because such data only reflect radiative properties of the canopy that
contain only some information on vegetation biophysical processes. One requires remote sensing and a
description of biophysical process, therefore, to obtain a more complete description of vegetation dynamics.
Among the surface parameters that can be related to the satellite sensor-derived greenness development,
phenology is a key parameter that governs plant function and can be assessed through remotely sensed data (8).
Moreover, NDVI measurements integrate observations of different plants and tend to provide descriptive
characteristics of phenological landscape events rather than direct associations with specific plants. (9-1 0). In
terms of properties of the surface parameter, the community and ecosystem phenology can present the seasonal
aspect of the vegetation canopy more macroscopically and more integrally than the species phenology.
Therefore, phenological data of local plant communities are more adequate for the satellite-surface analysis than
those of individual species. In this study, we assume that the temporal profile of NDVI represents a direct
characteristic of the phenological development of plant communities in relation to other physical processes
taking place in the vegetation canopy.
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The objectives of this study are to reveal the relationship between the community phenology and the satellite
sensor-derived greenness in seasonal developments and to establish a procedure for determining the growing
season of land vegetation at regional scales using threshold values of the phenological cumulate frequency and
the correspondent greenness. The threshold values of the greenness that indicate the beginning and end dates of
the growing season for certain plant community of the research region can be then used to determine the growing
season of similar plant communities at other sites, at which there are no sufficient surface phenological data.
METHODS
Phenological data were acquired from Yearbooks of Animal and Plant Phenological Observation of China ( 1113). The selected observation stations are listed in Table I. For each station the phenological data of 50 to 70
kinds of trees were statistically analyzed. The study period is from 1983 to 1988. In order to get the temporal
profile of the seasonal aspect at each station, all observed phenological phases including bud-burst, leaf
unfolding, bloom, fruit maturing, leaf coloration and defoliation etc. in a year have been used to compose a
mixed data set with several hundreds of individual data. The sequential and overlapping occurrences of these
phenological events in a year present the succession of the seasonal aspect of the plant community. Based on the
above data set, we calculated the frequency and cumulate frequency of phenophases in each five-day period
(pentad) from beginning to end of each year and drew frequency distribution curves for each station and every
year. These curves describe typical characteristics of the seasonal aspect of the plant community in different
stages within a year (14). Comparing the cumulate frequency distribution curve of plant phenology at one station
in a year with the NDVI curve in the pixel in which the station is located and in the same year, the growing
season of plant communities can be determined.
Table 1: Location of the phenological stations
Station Name

Latitude

Longitude

Mudanjiang: Tieling
Middle School

44°26'N

129°40'E

Beijing:

40°0l'N

34°40'N

Altitude

Climate Zone

Natural Vegetation Type

300m

Middle Temperate
Zone and Humid
Region

Deciduous broad leaved
and coniferous mixed
forests

116~0'E

50m

Warm Temperate
Zone and Subhumid Region

Deciduous broad leaved
forest

ll2°25'E

155m

Warm Temperate
Zone and Subhumid Region

Deciduous broad leaved
forest and forest steppe

Summer Palace
Luoyang:
Botanical Garden

The NDVI data were acquired from the NOAA/NASA Earth Observing System A VHRR Pathfinder data set
with 8km spatial resolution for the period from January 1983 to December 1988 (15). The NDVI data set was
made from the ten-day composites. Although the NDVI compositing process tends to minimize the effects of
cloud contamination, scan angle variability, sun-angle, aerosols, and water vapor ( 16), these factors can still
cause some residual noises. Therefore, the NDVI time series was a near cloud-free image that depicts the
maximum vegetative greenness for the composite period. In order to remove the significant noises and maintain
the major fluctuation characteristics in the NDVI time series, to the NDVI value of the nth ten-day period, we
calculated the mean value of the NDVI of the (n-1 )'h and (n+l )'h ten-day periods and then compared the mean
NDVI value with the original NDVI value of the nth ten-day period. If the mean NDVI value was greater than
the original NDVI value, we replaced the latter one with the former one as the NDVI value of the nth ten-day
period; if the mean NDVI value was smaller than the original NDVI value, we retained the latter one.
Since for a given ecosystem, the spatial scale is sufficiently small that variation in climate is insignificant, the
time series of remote sensing measurements are similar in all pixels within the ecosystem (8). In terms of the
spatial representativeness of a climatic and phenological station, a horizontal distance of 6km is usually
suggested. Therefore, the NDVI data with the 8km spatial resolution are adequate for the surface-satellite
analysis.
RESULTS
Because the cumulate frequency distributions of phenophases at different stations and in different years have a
similar pattern, we use the distribution curve in Beijing in 1983 as an example to illustrate how to determine
seasons and the growing season. Figure 1 shows that there are four turning points on the empirical distribution
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curve. These turning points divide the curve into four stages that correspond to the spring, the summer, the
autumn and the winter, respectively.
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Figure 1: Cumulate frequency distr ibution of phenophases in Beijing (1983)

The spring is from the first turning point to the second turning point of the curve, in which the cumulate
frequency increases very fast. This kind of changing pattern describes the rapid developing process from the
winter condition to bud-burst, bloom and leaf unfolding on the canopy of the plant community. About 57% of all
phenophases occur in the period of 2.5 months. The summer begins at the second turning point and ends at the
third one, in which the rate of changing in the cumulate frequency is very slow, because only 7% of all
phenophases appear in this four-month period. The canopy is covered with leaves, so that the seasonal aspect of
the plant community presents a dominant green color. Therefore, the phenological summer corresponds also to
the period of maximum photosynthetic activity. The autumn is between the third and fourth turning points on the
curve and shows another rapid development stage in phenological cumulate frequency except the spring. During
this season the canopy of the plant community turns its color from dark green to yellow or red, and at the end of
this season, almost all leaves fall to earth. About 26% of all phenophases occur in this 40-days period. After the
fourth turning point on the curve, the cumulate frequency changes very slowly again. Only I0% of all
phenophases, including "all leaves falling" offew trees at the beginning of this season and "bud-burst" of several
species at the end of this season, appear in the long winter with a length of more than four months. During this
period of time, most plants enter the state of dormancy.
Since the true growing season is defined as the number of days in a year in which plants can grow (17), we
determined this kind of growing season according to the time interval between the beginning date of the
phenological spring to the beginning date of the phenological winter. The concrete thresholds were the dates on
which the phenological cumulate frequency reaches 5% (for the begiruling date) and 95% (for the end date),
respectively (Table 2). The results show that the trends in the length of growing season at the three stations are
similar, whereas the year with the longest growing season are quite different, namely, 1983 in Mudanjiang, 1987
and 1988 in Beijing and 1987 in Luoyang (Figure 2).
Taking the beginning and end dates of the growing season determined by surface phenology as the time
thresholds, we determined the 10-day greenness values on the NDVI curves of the 8 krn2 pixels in which the
phenological stations are located year by year (Table 2). The greenness values in correspondence with the
beginning and end dates of the growing season have a significant spatial and temporal variability. At the
beginning of the growing season, the largest average greenness value occurred in Luoyang, then in Mudanjiang
and Beijing, which is probably due to the effects of local vegetation types and environmental processes. In the
Luoyang area, the dominant vegetation consists of annual plants, including herbs and crops which begin to grow
usually earlier than most of trees. Therefore, when the trees reach a similar development stage, for instance 5%
of the phenological cumulate frequency, the greenness in Luoyang is larger than that in Beijing and Mudanjiang
where the dominant vegetation is composed by perennial plants. On the contrary, at the end of the growing
season, the largest average greenness value took place in Mudanjing, then in Beijing and Luoyang, because in
the Mudanjiang area, some conifers still maintain green color after the defoliation of deciduous trees and
increase the greenness derived by the satellite sensor. Generally speaking, the greenness values at the end of the
growing season are greater than those at the beginning of the growing season at the same site, which is probably
due to the effects of the fallen leaves in increasing the greenness during the early winter (Table 2).
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Table 2: Beginning and end dates of the growing season and correspondent gr eenness values

Site

Year

Beginning of
growing season
(day ofyear)

Mudanjiang

Beijing

Luoyang

Greenness at
Beginning of
growing season

End ofgrowing
season
(day ofyear)

Greenness at
end ofgrowing
season

1983

90

16.2

287

41.2

1984

103

19.2

280

48.0

1985

97

24.0

285

41.4

1986

100

21.2

291

36.4

1987

99

13.2

289

38.2

1988

100

22.4

286

36.8

Mea n

98

19.4

286

40.3

1983

72

12.8

313

26.4

1984

75

12.0

304

32.4

1985

79

12.5

3 11

23.6

1986

73

19.7

310

23.9

1987

74

12.8

322

25.7

1988

78

12.0

326

31.2

Mean

75

13.6

314

27.2

1983

62

26.3

324

30.0

1984

60

19.2

306

17.6

1985

66

15.7

315

31.2

1986

52

30.0

320

22.4

1987

55

31.8

326

21.4

1988

68

27.2

328

36.0

Mean

61

25.0

320

26.4

300 , . . . . . - - - - - - - - - - - - - - - .
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Figure 2: Inter -annual variations of the gr owing season
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DISCUSSION
Other than detennining the growing season based on NDVI data only (8, 18-19) or on the comparison between
surface phenology and satellite sensor-derived onset of greenness (20), we detennine the surface-growing season
according to the phenological cumulate frequency distribution of the local plant community at first and then
detennine the greenness values in correspondence with the beginning and end dates of the growing season on the
NDVI curve of the same area. Because the local plant community is a representative sample of the population
composed of all plant species within the region, the phenological development of this plant community can
reveal the overall characteristics in seasonal aspects of the regional vegetation at a great extent. Therefore, the
greenness values obtained by the surface-satellite analysis at one phenological station and in the pixel
surrounding it in a year can also be used to detennine the growing season at other sites with the similar
vegetation in the region for the same year. Thus it can be seen that a further application of this method at sites at
which there are no sufficient phenological data can be expected.
In order to enhance the reality and accuracy in detennining the growing season of land vegetation using satellite
sensor-derived greenness, several improvements should be made.
(I) The NDVI data with 1-km spatial resolution and 10-day temporal resolution should be used in this kind of
analysis, so that the spatial correspondence between the surface green wave phenology and the NDVI phenology
will be more accurate.
(2) More phenological stations should be included, so that greenness thresholds of the growing season in various
plant communities and vegetation types can be found, which will significantly enhance the spatial extrapolation
capacity of this method and enlarge the applicatiion of this method in detennination of the growing season.
(3) Long phenology and NDVI time series should be taken into account, so that the statistical characteristics of
the beginning and end dates of the growing season and the greenness are more stable and reliable. In this way,
the inter-annual variations of the growing season can be detailed analyzed, which is very essential for evaluating
the role of vegetation systems in C02 cycle and estimating the primary productivity.
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THE INTERNATIONAL PHENOLOGICAL GARDENS
- 40 YEARS OF OBSERVATION Thomas Rotzer, Frank-M. Chmielewski
Institute for plant sciences subdivision of agricultural meteorology, Humboldt-University at Berlin,
Albrecht-Thaer-Weg S, D-1419S Berlin, Germany

ABSTRACT
The International Phenological Gardens (IPGs) are a unique network in Europe for the observation of plants. In
all gardens genetically identical trees and shrubs are planted in order to make large-scale comparisons among the
starting dates of different developmental phases of plants. During the last 40 years about 60,000 observation data
(1999) of 26 plant species have been collected.
The research project "Climatic variability and phenology in Mid-Europe" (BMBF OILA 98SOI) will include the
mapping of phenological means, single years and trends as well as the examination of the relationship between
coarse climate variability across Europe (circulation indices and meteorological patterns) and phenology using
the IPG-data. The first steps of the project were to check on the validity of the phenological data set and to close
the gaps in the phenological time series. This identified about 400 incorrect data, and 18,603 starting dates could
be supplemented. The first results of a trend analysis show that the growing seasons have lengthened in 6 out of
II natural regions, had shortened in I natural region, and had not changed in 4 natural regions. The growing
season of the natural region "British Isles and Channel Coast" extended with 8.8 days per decade (significant at
the I% level, r=0.7S). In most cases the slope of the trend-line is strongest for the period 1980 until 199S,
whereas longer periods e.g. 19S9 to 1998 show weaker trends.

HISTORY
The establishing of a phenological observation program was decided at the first meeting of the
agrometeorological commission of the WMO in 19S3. It was in 19S7 when Schnelle and Volkert founded the
International Phenological Gardens. After several years of preparations the first observations were made in 19S9.
The number ofiPGs increased in the following years all over Europe up to 66 IPGs in the year 1976. IPGs were
planned in North- and South-America. At this time the German Weather Service took on the management of the
IPGs.
Between the years 1980 and 199S the number of IPGs decreased slightly. When in 1996 the HumboldtUniversity at Berlin took on the co-ordination and the management of the IPGs (1), there were still 47 IPGs. In
1997 the parent-garden was transferred from Harnburg-GroBhansdorf to Ahrensburg near Hamburg. At present
(1999) SO IPGs are active and make observations.
The task of the next years will be to replace inveterate and ill plants and to complete the standard-observationprogram in the present IPGs. Also new gardens must be established to fill the gaps in the IPG-net as well as to
expand the network to East-Europe.

PROGRAM
The standard-observation-program consists of 26 plants, of which up to eight phenophases are observed (see
table 1). Of all these trees and shrubs nearly 60,000 phenological starting dates have been gathered from SO IPGs
on the average since the year 19S9.
The geographical allocation of the IPGs is shown in figure 1. All active IPGs together with already closed IPGs,
which observed phenophases for more than I 0 years, can be seen.
The actual network of the International Phenological Gardens ranges across 28 latitudes from Scandinavia to
Macedonia, and across 37 longitudes from Ireland to Finland in the North, and from Portugal to Macedonia in
the South.
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Table 1: Plants and phenophases of the standard-observation-program of the International Phenological
Gardens.
Plant

MayLeaf
unfolding sprout

Beginning
Full
offlowering flower

Larix decidua
Picea abies (early)
Picea abies (late)
Picea abies (Northern)
Pinus sylvestris
Betula pubescens
Fagus sylvatica H
Fagus sylvatica D
Fagus sylvatica T
Populus canescens
Populus tremula
Prunus avium B
Prunus avium L
Quercus petrea
Quercus robur W
Quercus robur B
Robinia pseudoacacia
Sorbus aucuparia
Tilia cordata
Ribes alpinum
Salix aurita
Salix acutifolia
Salix smithiana
Salix glauca
Salix viminalis
Sambucus nigra

X

St. John 's First ripe Autumn
Leaffall
sprout
fruits
colouring

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
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X

X

X

X

X

X

X
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X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

•: active IPGs
•: closed IPGs
(active for more than 10 years)
t : parent garden

Figure 1: Geography of the International Phenological Gardens.
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ADVANTAGES AND USE OF PHENOLOGICAL DATA
The idea of the International Phenological Gardens is to make large-scale comparisons with phenological data
after elimination of hereditary and small-scale (local) influences. Therefore all IPGs are situated in similar
surroundings (plain surface with meadows and some trees), have a detailed observation-guide, and are
professionally looked after by institutes, botanical gardens, etc. In order to eliminate the hereditary variability
cloned species of all trees and shrubs have been planted in the IPGs. The parent garden doing the vegetative
propagation provides all IPGs with cloned plants and is situated in Ahrensburg near Hamburg (see figure 1).
The use of phenological observations are manifold (2). For research, for planning and consulting, as well as in
daily practice phenological data are required. Examples for the application of phenological data are the research
of the impact of climate change on plants (3) (4), the calibration of remotely sensed data (5), the use in yield-,
growth- or hydrological models (6) (7) (8), the determination of regions with high frost-risks for the flowering of
fruit-species (9) and the monitoring of environmental changes (10). A special application of the IPGs is the
standardization of the data of national networks.
ACTUAL RESEARCH
In the course of the project "Climatic variability and phenology in Mid-Europe" phenological maps showing
means and values of extreme years will be developed, trends shall be analysed and mapped, and the relationship
between coarse climate variability across Europe (circulation indices and meteorological patterns) and the IPGdata shall be examined.
A validity check of the phenological data has been made in advance. All starting dates differing from the mean
of a station for more than 30 days were selected and checked. After comparisons with the written records and a
checkup of the observers' remarks, the starting dates were compared with the same phenophases of the natural
regions and of the nearest stations, with the starting dates of the pre- and post-phenophases as well as with
similar terminated phenophases of the same stations. About 400 incorrect starting dates were found this way.
Missing values were supplemented by using linear regression-models with one independent parameter
(regressor). Regressors were either the same phenophase of the nearest station or the same phenophase of the
natural region or the pre- or post-phenophase at the same station or a similar terminated phenophase at the same
station. For the calculation of a missing value the best regression-model regarding the coefficient of correlation
was chosen. Missing values could only be computed if the coefficient of correlation was greater than 0.7. Thus
18,603 starting dates were supplemented.
Phenological trend analysis should not use only one individual station but greater units like natural regions
because phenological data of a single station often imply small-scale influences as well as observation errors.
Therefore the IPGs were classified in II natural regions (see Table 2). Furthermore the classification in natural
regions is needed both for the validity check and for the supplementation of missing values.
Table 2: Classification of the IPGs in natural regions

No.

Natural region

Mean Geographical Values*
Longitude (')
Altitude (m)
Latitude (')
1
British Isles, Channel Coast
51,6
-3,8
50
2
North Sea, Mid-European Lowlands
52,9
10,1
45
3
Baltic Sea Region
57,2
53
15,2
4
North Atlantic Mountain Region
61,9
8,1
38
5
North Scandinavia
148
7,1
26,7
307
6
Northern Mid-European Highlands
50,4
8,7
8,2
591
7
Southern Mid-European Highlands
48,2
603
8
North Alpine Foreland
47,8
10,9
15,5
611
9
Bavarian-Bohemian Highlands, Carpathian Mountains 48,6
I0
Great Hungarian Lowlands, Danube-Save-Region
46,0
19,6
152
42,9
20,3
601
11
Dinaric Mountain Region, Dalmatia
•: means of the IPGs

In a first analysis the length of the main growing season was examined. The beginning of the main growing
season was represented by the leaf unfolding of Betula pubescens, Prunus avium, Sorbus aucuparia and Ribes
alpinum. For the end of the main growing season the leaf fall of Betula pubescens, Prunus avium, Salix
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smithianta and Ribes alpinum was used. In Table 3 the long-tenn means as well as the standard deviation and the
minimum and maximum of the length of the main growing season can be seen.

Table 3: Length of the main _growing season (days) of the natural regions based upon IPGs (1962-1998)

No.

Natural region

1
2
3
4
5
6
7
8
9
10

British Isles, Channel Coast
North Sea, Mid-European Lowlands
Baltic Sea Region
North Atlantic Mountain Region
North Scandinavia
Northern Mid-European Highlands
Southern Mid-European Highlands
North Alpine Foreland
Bavarian-Bohemian Highlands, Carpathian Mountains
Great Hungarian Lowlands, Danube-Save-Region
Dinaric Mountain Region, Dalmatia

11

standard
deviation

mean

202
194
187
176
137
193
194
194
176
197
193

10.6
9.8
9.6
12.2
9.3
9.8
10.1
9.6
9.8
10.6
7.5

minimum

maximum

179
177
170
157
113
174
176
176
153
175
176

222
223
202
209
154
214
213
215
197
215
203

As expected the natural region 1 "British Isles, Channel Coast" shows the longest main growing season with 202
days, while the shortest main growing season can be seen in natural region 5 ''North Scandinavia" with I37 days.
Long growing seasons can also be found in natural region I 0 "Great Hungarian Lowlands, Danube-SaveRegion" with 197 days and in the natural regions 2, 7 and 8 respectively 6 and II with 194 respectively 193
days. The comparatively short main growing season in region II with 193 days - although situated in South
Europe- is surely based on the high altitude of the IPGs with 603 m above sea-level.
With differences of about 40 days the minimum and maximum duration of the main growing season shows great
oscillations within the growing seasons of each natural region. This can also be seen in figure 2, where the length
of the main growing season in the natural region 6 ''Northern Mid-European Highlands" is presented.
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Figure 2: Length of the main growing season (single years, tO-year-running means and regression line) in
the natural region 6 "Northern Mid-European Highlands"

Despite the high variation in the length of the main growing season a clear trend to a expanding of the main
growing season with 4.2 days per decade (significant at the I% level, r=O.S) can be seen.
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Figure 3 shows the 10-year-running means of all natural regions (except natural region 5, from which data are
too sparse).

Figure 3: tO-year-running means of the length of the main growing season of all natural regions

215
210
205

-British Isles and Channa! Coast

-

--North Sea I Mid-European Lowlands

~
./

--Baltic Sea Region

200 -

_/

--North Atlantic Mountain Region

195

~

___,.--

-

~~

-------

190

~

--........

180
175

~

\.

170

---

-

~

185

/

~

---...,...... ~

~

/ ------

/

-

165
59

62

65

68

71

74

77

year

80

83

86

89

92

95

98

95

98

215
210 r-- -Northern Mid-European Highlands
205 r-- - - Southern Mid-European Highlands

~

200 r-- - - North Alpine Foreland

..

195

~ 190

~

~

"CI

185

~

~---:::::~

~~

-----

~

180
175
170
165
59

62

65

68

71

74

77

year

80

83

86

89

92

215
210

-

205

-

200

-

--

195

t

-Bavarian-Bohemian Highlands,
Carpathian Mountains
--Great Hungarian Lowlands,
Danube-Save-Region
--Dinaric Mountain Region,
Dalmatia

190

~

~

/

~
/~

~

-

~

---/

.....

185

-

180

-

175

..._..__,../

~

170
165
59

62

65

68

71

74

77

year

185

80

83

86

89

92

95

98

Six out of eleven natural regions in figure 3 show a tendency to longer main growing seasons for the years 1959
to 1998. Only in the natural region 4 ''North Atlantic Mountain Region" the main growing season decreases
over the examined period with 4.3 days per decade. The natural regions 9, 10 and ll show no tendency, while in
region l "British Isles and Channel Coast" the main growing season increases with 8.8 days per decade. This is
the strongest trend of all natural regions with a coefficient of correlation of 0.75. All the other trends are not
significant and have lower coefficients of correlation. It can be deduced that in a great number of European
regions there is a tendency to a longer growing season. On the other hand some regions like the South East
European (natural regions 9, 10, and ll) show no tendency, some regions like the natural region 4 ''North
Atlantic Mountain Region" show a tendency for shorter growing seasons.
However, figure 3 also shows that according to the examined period the tendencies differ to a great extent. For
example the natural region 10 "Great Hungarian Lowlands, Danube-Save-Region" shows a strong tendency to
longer growing seasons for the years 1966 to 1978. But for the period from 1980 onwards there is a trend for
shorter growing seasons. The opposite can be seen in the "Baltic Sea Region" (No.3) and in the North Atlantic
Mountain Region (No.4). If periods are analysed which mainly cover the years 1980 to 1995, strong trends for
longer main growing seasons can be found in most cases (see figure 3) (ll) (12). The more the period includes
the early sixties and the fifties the weaker the tendency will be (see figure 3) (9) (13) (14) (15).
Future investigations will center on the analysis of the reasons for changes in the growing season. Therefore
long-term variations in air temperature and in the atmospheric circulation patterns will be examined and
compared to tendencies in the growing season in each natural region.
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PHENOLOGY IN AUSTRIA: PHENOLOGICAL MAPPING, LONG-TERM TRENDS
Elisabeth Koch
Central Institute for Meteorology and Geodynamics, Hohe Warte 38, A 1190 Vienna, Austria

ABSTRACT
Phenological maps (start of florescence of sweet cherry Prunus avium and ripeness of horse-chestnut Aesculus
hippocastanum) of the Austrian province Upper Austria show a clear dependence of the spring phenophase on
altitude and thus, on air temperature. The altitude dependence of the autumn phase ripening of horse chestnut is
less significant than that of the spring phases. With the help of regression-models, a GIS-supported map was
drawn for Upper Austria. The onset date of the spring phase of cherry florescence shows accordingly a
considerable delay with increasing altitude. The 'speed' with which the phase advances at higher altitudes is 33
meters per day; the ripening phase of horse chestnut needs only a further 1.5 days per I 00 meters altitude. Long
term data sets of spring phases starting 1961 of 22 Austrian phenological stations covering a wide area of Austria
reveal a more or less significant trend of an earlier beginning of the growing season in the Alpine parts in the
magnitude of up to 5 days in I 0 years. In the other regions no clear pattern can be detected. These results agree
to some extent with the temperature trends in Europe during the period 1961 to 1990 (I) and the trends
researched with the observation material of the International Phenological Gardens (2) .

INTRODUCTION
Phenological monitoring has a long tradition in many European countries and also in Austria where some longtime series exist (3, 4) enabling the investigation of trends of phenological phases. The seasonal plant activities
can be interpreted as a response to changes in the plant environment. The phenological phases are influenced by
several meteorological and environmental parameters such as temperature, light, radiation, water supply,
nutrition and by genetic factors. The trends of spring phases of wooden perennial plants being particularly
sensitive to temperature (5, 6) could perhaps play an important role as ground truth for global warming research.
The spatial variability of a spring and an autumn phase in the Austrian province Upper Austria is shown on a
GIS-based maps using the temperature I altitude dependence.

METHODS AND MATERIAL
Figure I shows the location of Upper Austria (shaded in red) and of the observation sites from where long-term
data sets are available. Upper Austria stretches from about 200 m asl in the central region to almost 3000 m in
the southern alpine parts. The 22 observation sites shows a good coverage of the alpine and extra alpine area of
Austria.
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Figure 1: Location of Upper Austria (shaded area) and the long term observation sites
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RESULTS
Phenological maps
The phenological phases show a more or less pronounced dependence on altitude. Particularly concerning the
spring phases, the air temperature is often a limiting factor influencing the development of vegetation.
Temperature is strongly affected by the altitude (7). The densely built-up areas and special climates on the banks
oflarge lakes in Upper Austria, have not been taken into consideration as observation data were not available.
For the average phase-onset day D, the start of florescence of sweet cherry shows dependence on the altitude as
derived by a simple linear regression with the independent variable b (height above sea level) and the dependent
variable the mean dateD of the pbenopbase:
D = 100.02 + 0.030 b

(where'D' is the date code, and 'b' the altitude in meters)

with the coefficient of determination

This function bas been superimposed onto the altitude grid model (388 x 347 m grid, base OK 1:50 000) thereby
indicating the areal extent of the onset date of sweet cherry.
The ripening phase of the horse chestnut was determined in a similar way. The altitude dependence of this
autumn phase is less significant than that of spring phases. Nevertheless it is still sufficiently large to justify an
altitude regression and to use this as base for the map presentation.
For the average phase-onset day D, the ripening phase of horse chestnut altitude dependence is given by:
D = 261.13 + 0.015 b

(where'D' is the date code, and 'h' is the altitude in meters)

with the coefficient of determination

The onset date of the spring phase of cherry florescence shows accordingly a considerable delay with increasing
altitude. The 'speed' with which the phase advances at higher altitudes is 33 meters per day. More than 25 days
will pass before the spring will arrive in the mountainous region of Upper Austria at a level of about I 200m as!.
The ripening phase of horse chestnut needs only a further 1.5 days per 100 meters altitude. Even later in autumn
the phases of leaf coloration and leaf fall will firstly appear in the higher regions. Therefore the growing season
in higher altitude is not only shorter because of a later arrival of spring but also due to an earlier beginning of
autumn.
Long term data sets
The data sets of 22. observation sites cover at least 25 years between 1961 and 1998. In table 1 the observed
phenological phases are listed.

Table 1: Analyzed phenological p hases and plants
phases
florescence

bud break

plants
apple (malus domestica)
lilac (syringa vulgaris)
sweet cherry (prunus avium)
lark (larix decidua)

The linear trends for all phases covering at least 25 years of observation were calculated. The more Western
alpine stations show a greater tendency for an earlier onset of spring as the negative trends in figure 3 reveal. But
only a third of these trends are significant at the 5% level, with emphasis in the Western and Southwestern part
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of the Austrian Alps. More eastern extra alpine observation sites don't show any trends except on two locations
and there with different signs.
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Figure 3:- Linear trends of phenological spring phases. Circles are significant at tbe 5% level

DISCUSSIONThe results of this study do agree at least in the alpine Austrian regions with the warming trend in the last
decades. As temperature is the most influencing factor on the onset of phenological spring phases this is not
much surprising. The research of (2) and (8) supports our results. In (2)an extension of the growing season over
aliil.ost whole Europe using the data set of the International Penological Gardens which have identical clones of
trees and shrubs was discovered and in (8) a shift towards earlier flowering of Robinia pseudoacia in Hungary.
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INFLUENCES ON THE FLOWERING PHENOLOGY OF THREE EUCALYPTS
MarieR. Keatley I Irene L. Hudson2
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ABSTRACT
Eucalypts as a genus dominate much of the Australian landscape. Studies examining the phenology of this genus
in their natural habitat are few. Examinations of abiotic influences on any phenophase are rare. Three eucalypts E. leucoxylon, E. polyanthemos and E. tricarpa, had their flowering monitored fortnightly during 1996-98. These
data were used to determine the base temperatures of each species. This is the first time base temperatures have
been suggested for flowering in eucalypts. Temperatures ranged between 9.9 and 14.1°C. Using one ofthe few
long-term records ( 1940-1970) of eucalypt flowering, and current data (1996-98), the influence of growing
degree days, rainfall and temperature on the commencement of flowering on these species was investigated.
Linear regression found that accumulation of minimum and maximum temperatures 2 months prior to flowering
accounted for the greatest variation (0.69-0.81) in flowering yearday in all 3 species. Stepwise regression
resulted in differential increases in accounted for variation of 4 to 15%. Physiological interpretation or otherwise
of predictors were discussed.
INTRODUCTION
The influence of climatic variables on different phenostages of plants has been documented and studied since the
1700's (1). Over that time, studies of native tree species have delineated growing degree days (GDD),
temperature, rainfall, radiation and chilling as influences on flowering (2, 3, 4, 5). In Australia, studies of the
influence of climatic variables within eucalypts have focussed on growth (6, 7, 8). Few studies (9, 10), however,
have examined the influences of climate on eucalypt flowering. The effect of altitude on flowering, and therefore
indirectly temperature has been noted (11, 12). The influence of annual rainfall and temperature on flowering
intensity has been shown to be non-significant for Eucalyptus tricarpa (13).
Understanding how abiotic variables such as water and temperature influence flowering phenology can assist in
the management and extend our knowledge of the reproductive behaviour of the genus. This paper explores the
influence of GDD, rainfall and temperature on the commencement of flowering of E. /eucoxylon (YG),
E. polyanthemos (ReB) and E. tricarpa (RIB).
METHODS
Commencement of flowering
The variable yearday was based on the 30 year record of flowering for Havelock Forest Block near
Maryborough, described in Keatley et a/. (14). The record established the month in which flowering first
occurred for YG, ReB and RIB. Commencement of flowering was equated with the 15th of the given month, as
this is when observations usually took place. Flowering commencement for the given 3 species from the
monitored 1996-98 period, were also added to the records. In these instances flowering commencement was
equated with opercula shed.
Weather r ecor ds
Daily rain, minimum and maximum temperature records were obtained from the closest weather station;
Maryborough, Victoria. The temperature dataset between 1938 - 1970 was not complete. When only 1 day was
missing, the average of the temperature either side of the missing date was used. If 2 or more days were not
recorded, then the mean minimum or maximum temperature for that particular month was substituted. Weather
records were used to develop the variables listed in Table 1.
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Table 1~ Description of climatic variables used

Variable

Descri tion

TminC
TmaxC
TMin2, TMinl2, TMin24
TMax2, TMax 12, TMax24
Rain2, Rainl2, Rain24
GDDI
GDD2
FirstFrost
LastFrost
GrowSeason

Minimum temperature ( 0 C) on day of flowering
Maximum temperature (0 C) on day of flowering
Sum of minimum temperatures for 2, 12 & 24 months prior to flowering
Sum of maximum temperatures for 2, 12 & 24 months prior to flowering
Sum of rainfall (mm) for 2, 12 & 24 months prior to flowering
Growing degree days with no upper threshold temperature
Growing degree days with an upper threshold temperature
Yearday on which first frost occurred
Yearday on which last frost occurred
Number of da s between first and last frost

Calculation of base temperature and growing degree days
The base temperature for the 3 species was determined using two of the methods developed by Yang et a/. ( 15
p66-67) - regression coefficient and coefficient of variation (CV) in GDD. GDD was also calculated using two
methods. These were defined as follows:
GDDI: was calculated using [Tma.x - Tmin /2]- Tbase (where Tma.x and Tmin are daily maximum and minimum
air temperature, respectively and Tbase is the base temperature). If the mean daily temperature was less then the
base temperature then it was set to equal the base temperature. In these instances there is no accumulation of
degree days.
GDD2: The average temperature was compared to the base temperature as in GDDI. It was also compared to an
upper threshold temperature of25°C. If the average temperature was greater than the upper threshold, then it was
set to the upper threshold temperature. The selection of 25°C as an upper temperature was guided by the work of
Paton (16) and Specht (17). September 1st was nominated as the day from which GDD would be calculated in
both GDD 1 and GDD2.

Statistical analyses
Variables (Table 1) were log transformed when required to achieve normal distribution or to stabilise the
variance. Linear and stepwise regressions (forward) were used to determine whether there was any significant
relationship between the predictors listed in Table 1 and commencement of flowering. These variables were also
examined via correlation methods to determine whether there was any collinearity between them. If collinearity
was found (r values> 0.800) between predictors, one of them was considered redundant as much of one variable
is explained by the other (18). The variable which explained more of the variance in flowering commencement
was used in the analyses.
RESULTS

YG, with the longest flowering duration of the 3 species had the lowest threshold temperature, 9.9°C. This was
consistent between methods, GDDI and 2, as was the defined base temperature of 11.7°C for RIB. There was
close agreement (14.0°C versus 14.1 °C) in the base temperatures between methods for ReB. In calculating GDD
for ReB the mean ofthese temperatures- 14.05°C was used.
Table 2 gives the mean flowering yearday and GDD required for commencement of flowering in each of the 3
species. ReB had the least coefficient of variation (CV%) in flowering yearday. In each of the species examined,
GDDI produced degree days with the least CV%, indicating that GDDI is a better estimate to use in determining
the influence of degree days on flowering commencement, and points to 25°C being an inappropriate upper
temperature. The CV% associated with GDDl and GDD2, indicates that of the 3 species, YG's base temperature
of9.9°C was the best estimate.
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Table 2: Mean flowering yearday and growing degree days required for flowering commencement
Yearday

Species
E. leucoxylon, Mean
(±stdev)
E. polyanthemos, Mean
(±stdev)
E. tricarpa, Mean
±stdev

258.05
(±48.77)
291.08
(±35.61)
233.77
±48.58)

cv

GDDJ

cv

GDD2

CV(%)

%
18.9

%
10.3

13.1

12.2*

26.6

31.3

20.8

18.7

28.3

*based on Julian day of flowering

Linear regression delineated 8 of the 16 variables listed in Table l as significant in describing the variation in
flowering commencement yearday. TMin2 and TMax2 accounted for the greatest variation in YG, RIB and ReB
with r2 values ranging from 0.69 to 0.81. TMinC and TMaxC, were also significant predictors: TMaxC in ReB
(r2 = 0.38, P < 0.00 l) and RIB (r2 = 0.17, P = 0.008) and TMinC in YG (r2 = 0.12, P = 0.022).
GDD1 was only significant in RIB (r2 = 0.55, P < 0.001) and YG (r2 = 0.16, P = 0.008). GDD2 was a poorer
predictor ofyearday than GDDl, only in RIB did GDD2 explain some of the variation in yearday (r2 = 0.35, P <
0.001). Rainfall (Rain2 and Rain24) explained a minor but significant (r2 = 0.09, P = 0.040 and r2 = 0.08, P ==
0.050, respectively) part of the variation in yearday in YG and ReB.
In the first stepwise regression (Statistical, Table 3) several variables were excluded because of collinearity.
These were TMax2 with TMin2 (rp = 0.94) in E. /eucoxylon, TMin2 with TMax2 (rp = 0.93) and Rainl2 with
Rain24 (rp = 0.81) in ReB. In RIB TMin2 and TMaxl2 were highly correlated with TMax2 (rp = 0.95) and
TMax24 (rp = 0.90) respectively. In the second stepwise regression, (Physiological, Table 3) TMin2, TMax2,
TMinC and TMaxC were considered to have little physiological basis for their strong
excluded.

r2

values and were
·

Differential increases in accounted for variation between stepwise and single regression shown in Table 3
support a multiple predictive approach. Table 3 shows that the 'statistical' regression for each species provides
good descriptions of flowering commencement behaviour. As with the linear regressions; temperature was
shown to have a relationship with flowering commencement. For RIB stepwise regression resulted in the largest
increase, 15% delineated by three predictors, TMax2, GDDI and TMinC, which accounted for 93% of the
variability in yearday. This last variable, TMinC, was trending towards significance (r2 = 0.07, P = 0.068) in
linear regression.
The results from the 'physiological' regression show that those variables considered capable of providing a
physiological reason explain less of the variation in the commencement of flowering. The inclusion of GDD l for
YG and RIB, along with TMax12 or TMax24, indicate that temperature influences the physiological processes
required for flowering. The inclusion of GrowSeason for RIB, reinforces that temperature has an influence on
flowering commencement.

Table 3: Forward stepwise regression equations between flowering commencement and climatic variables
Statistical

Species

Equation

E. leucoxylon

0.81
Y = -365.49- 272.79logTMin2 + 353.441ogGDD1 +
34.07 log TMinC + 38.66 logRain2
Y = 777.02 + 438.93logTMax2- 468.91logTMax12
0.85
Y = 464.06 - 359.27 logTMax2 + 247.67 logGDDl + 0.93
26.13 logTMinC
Y = 1267.35 + 746.42logGDD1 - 909.88logTMax12
0.27
Y = -185.45 + 157.77logRain24
0.08
Y = 1588.07 + 400.98logGDDl- 0.33 GrowSeason
0.73
- 628.95 logTMax24

E. po/yanthemos
E. tricarpa

Physiological

E. leucoxy/on
E. po/yanthemos
E. tricarpa

r2

193

p
<0.001
< 0.001
< 0.001
0.002
0.050
< o.oor

Flowering.connneneement in ReB appears to be little affected by any. of the variables in Table 1,. although
signifiCant (P = 0.05), the amount of variation accounted for by Rain24 is net great (,.z·= 0.08). Indeed; there is
no improvement using·stepwiSe: regression over linear regression.
DISCUSSION·

Base temperaturesand'growing degree days
This is the first study to nominate base temperatures for flowering within YG, RIB and ReB; temperatures ranged
between 9.9°C and 14.l°C. Lower temperatures are generally associated with species that flower earlier than
their co-occurring species (19, 20). ReB flowers last and has the highest base temperature but the shortest
interval between the pre-determined starting date and flowering; indicating a heat-demanding developmental
period (19). YG and RIB, on average, commence flowering in the same month (14), but have different base
temperatures. Indications are that RIB has a higher temperature requirement for development than YG.
Previous work (5, 19) has found that models which incorporate threshold temperatures account for more of the
variation in a phenostage than those that do not. In this study, however, GDD were found not to account for
variation in flowering as well as TMin2 and TMax2. In the only field study (7) which has compared temperature
and GDD in eucalypts, weekly maximum temperatures were found to account for more variation in height
growth than GDD with a l 0°C base temperature.
Relationships which have been delineated between flowering commencement and climatic variables, may be
considered physiologically and/or statistically based (15, 21, 22). In ReB neither GDD methods were
significantly related to flowering commencement. If the coefficient of variation in either method of GDD was
low, as well as insignificant, then the lack of statistical significance could be interpreted as providing a good
physiological explanation (Weir eta!. 1984 in22, 23). Large variation in GDD, as seen in ReB, is also indicative
of other variables influencing development (22). It would appear, however, that the base temperature determined
for ReB is not appropriate.
Only in RIB did GDD2 account for any variation in flowering yearday. In each species the inclusion of an upper
threshold temperature of 25°C increased the coefficient of variation indicating the selection of this temperature
was inappropriate. Possibly each of the species studied here fall into Paton's (16) high optimum group of
33/28°C. Further work is therefore required to determine upper threshold temperatures for these species.
For this study the calculation of GDD has a caveat attached. The precise date of flowering commencement in the
historical data is unknown; data is interval censored. Flowering or lack of was equated to the 15th of each month.
Flowering most likely commenced between observations, therefore, it is probable that GDD have been
underestimated. This would account for some of the variation in GDD for each of the species. Regardless of the
method used to determine GDD, the values should only ever be considered as estimates of developmental time
(24).

Minimum and maximum temperatures
TMin2 and TMax2 accounted for the greatest variation in flowering yearday in all 3 species. It is debatable,
however, whether these predictors, along with TMinC or TMaxC, have any physiological basis i.e. they may just
be a function of the season in which flowering generally occurs. A strong correlation, but lack of causality,
within phenological studies is recognised (19, 21) and employed in empirical modelling of crops where
predictors may be chosen purely on their correlation coefficient (25).
As bud development is influenced by temperature (5, 26) and buds are formed in eucalypts up to 29 months (27)
before anthesis; accumulated temperatures 12 and 24 months prior to flowering were considered capable of
providing a physiological explanation of flowering. In linear regression these factors were insignificant
predictors of flowering commencement and were only marginal contributors for YG and RIB in multiple
regression. The slight negative trend of length of frost free period for RIB hints at low temperature stress
facilitating flowering. Cold stress has been shown to induce floral development in E. /ansdowneana (9).

Rainfall
Rain2, Rainl2 or Rain24 had little influence on flowering yearday. This supports previous results for RIB, where
rainfall2 years prior to flowering commencement was shown to be a non significant predictor (13).
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Lack of influence of rainfall on flowering, is counter-intuitive given the semi-arid environment in which the trees
grow. The premise being that water is required for flowering to occur. Rainfall influencing flowering has been
illustrated in other studies (28, 29). In semi-arid woodlands there is a rainfall threshold required before growth
can occur (30). As annual evaporation rates may exceed annual rainfall (Clewett eta/. 1994 in 30), cumulative
totals of rainfall may therefore be misleading i.e. evaporation removes any soil moisture. This threshold
requirement supports the work of Freidel et a/. (31) who found that soil moisture was a better predictor of
flowering in arid zone trees than the previous season's rainfall. Soil moisture is then possibly a more precise
indicator of the adequate hydration required for flowering in semi- and arid conditions. Modelling of soil
moisture was attempted for this study. The model, however, could not be calibrated due to inadequate data for
input parameters e.g. evaporation and evapotranspiration rates.
CONCLUSION
Flowering commencement within E. leucoxylon, E. po/yanthemos and E. tricarpa was shown to be related
mainly to temperature. The accumulated minimum or maximum temperatures 2 months prior to commencement
of flowering are the best predictors of this phenostage for these species. It is unlikely, however, that these
variables have a strong physiological basis, but they are useful factors to include in an empirical model. Further
work in determining upper threshold temperatures for all 3 species is indicated, as is a re-examination of the base
temperature for E. polyanthemos. Rainfall was found, overall, to be a poor predictor for flowering
commencement. An examination of soil moisture and its possible influence on flowering commencement is also
required.
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ABSTRACT

Three sites with eddy covariance measurements (2 forests, I agricultural site) are utilized according to Lee (1)
and Paw U et al. (2) to calculate mean vertical wind velocities. These sites exhibit different imbalances of the
energy balance ("closure gaps") and the relevance of the mean vertical velocity for the closure gap is analyzed.
Both forests show statistical evidence for poor closure at night that is improved by including the non-turbulent
transport at least in one case. During daytime the combination of a multitude of data necessary to derive the
additional mean transport by up- and downdrafts camouflage the relationship to closure. No general improvement
of closure could be found on a daily basis but several problems remain unsolved (rotation, scale of organized
vertical motions). Further tests with sites with a clearer "gap signal" and additional analysis is necessary to clarify
whether the proposed methods will actually improve energy balance closure.
INTRODUCTION

This paper addresses a well-known but poorly understood phenomenon related to the eddy covariance method
(EC): the so called "closure gap", which affects the plausibility ofEC measurements. Closure gap here means the
often observed discrepancy between the measured available energy AE (net radiation Rn minus storage in the soil
G and below Rn measurement level air and biomass l:S; left side of Eq. (I)) and the measured sum of the
turbulent fluxes (sensible heat flux H plus latent heat flux LE; right side ofEq. (1)) in the surface energy budget:

[1]
Typically the H + LE is smaller than Rn - G - l:S. Reported closure ranges between 50% and 100% (3).
Instrumental effects (flow distortion, different time constants, sensor separation, sampling rate) of typical EC setups (3D-sonic, fast response sensors for scalars) tend to reduce measured fluxes, but there are physically sound
correction schemes for these instrumental effects (4 and others). Overestimation of available energy is in general
not the reason for a closure gap. Underestimated storage fluxes can be excluded, because then the closure should
become better for averages, and systematically overestimated net radiation is unlikely, as our calibration
experience shows.
Several causes of the remaining Jack of turbulent transport have been addressed by various authors: advection,
nighttime drainage, meso-scale circulation, influence of up- and downdraft areas, or a combination of these. All
have in common, that a principal assumption of the EC method is not fulfilled: that there is zero mean vertical
velocity. If vertical gradients exist, the consequence of a non-zero vertical velocity is, that the turbulent flux of a
quantity is biased relative to the corresponding total vertical flux.
METHODS

Recently methodologies have been proposed (1, 2) to derive the non-turbulent vertical flux related to non-zero
mean vertical velocity from the standard EC results. Using example EC data sets sampled at two forest sites in
Germany (Hartheim and Tharandt forest) and one agricultural site in Italy (winter wheat; Campiglia, Tucscany),
the methods are tested and the results will be presented.
Figure 1 demonstrates the typical range of energy balance closure observed over forests and crops by means of
the three example surfaces that are characterized in Table I: 80 to 90% over forests and 60 to 90% over crops.
Generally closure is poor at night with low turbulence and scatter is highest for high radiation load. Please note
the difference in sites and data: Hartheim is an ideal flat forest site, only radiation days from an ideal
measurement campaign in 1992 (5, HartX) are used, Tharandt is a somewhat heterogeneous forest site, only
radiation days (but covering the complete vegetation period of 1998) are used and Campiglia can be considered
an ideally flat agricultural site, but weather ranged from fair to rainy in a measurement campaign in spring of
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1996 (RESMEDES). All sites had at least a second system for EC measurements that support the results
presented. EC data had been processed according to standard and well-accepted methodologies as described in
Aubinet (6), including a two-axis rotation (Hartheim, Campiglia) or a three-axis rotation (Tharandt) and flux loss
corrections (4, 7, 8).

T able 1: Experimental sites and data used in this study and typical closur e observed .

Vegetation,
height [m]
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height [m]

Hartheim,
Germany

Pine plantation, 12
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800.,-----~-.,...---,..-----,

Data base

d, z0
[m]

Closure regression
R1

Slope

Offset

Radiation days,
May 1992 (HartX)
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Figure 1 ~ Closure plots of investigated sites.

Statistical analysis of 3D-sonic wind data before coordinate rotation is used to derive the mean vertical velocity
at reference level w, according to Lee (1) and Paw U et al. (2). Lee takes wind direction dependent regression
that yields individual coefficients for each wind direction class. Paw U et al. adjust Wm relative to a plane in the x
and y components producing a constant offset for all wind directions. The latter method seems appealing as it
needs less data but weights wind data relative to their occurrence eventually causing a systematical bias in w,.
Results are shown in Figure 2 for the Lee-method to address possible effects on w,: (i) the linear correction must
take care for all systematical biases as sensor tilt, flow distortion or shadowing effect of the transducers (as
indicated by the three peaks curve of the slope), (ii) all wind systems (local and synoptic) w, that correlate up200

and down-wind flow with certain wind directions will be eventually cancelled by the method and (iii) the results
depend on the length of the data record used and the wind direction resolution applied.

Camplglia (Lee Regression)
Wm w, + Um k (41) + d (41)
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::i
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Figure 2: Results of the regression analysis yielding individual linear coefficients (slope k and offset d) for
wind direction classes of 10° to derive mean vertical velocity at reference level w, from measured vertical
and horizontal windspeed, w,.. and u,. respectively. The analysis is applied to the complete data set, w, is
the residual at the time resolution of the flux measurements (10 min in the Campiglia case, 30 min for the
two forest sites).

RESULTS AND DISCUSSION
Figure 3 is used to illustrate the correspondence of the observed closure (expressed as energy flux ratio J = H +
L.EIAE) to mechanical turbulence intensity (expressed as friction velocity u*) and to the derived mean vertical
velocity by the two methods described above. Upper panel: Generally wind speed and turbulence intensity is
much higher for the radiation days depicted at Tharandt. Nevertheless the data are grouped remarkably similar.
At both sites nighttime values (stable, low u*) have poor closure, daytime ratio in Tharandt is almost I with
considerable scatter. Middle panel: According to Lee updrafts during daytime (positive w, negative gradients of
temperature and vapor density) should reduce the closure gap, this is illustrated for Hartheim and especially
Tharandt, where the energy flux ratio often exceeds I for positive w, and complete closure gaps are mostly
related to negative w,. During stable conditions the relationship is more complicated as gradients of vapor and
temperature are often reverse and mean non-turbulent fluxes will tend to compensate each other. Still, poor
closure appears to be related to downdrafts in Tharandt, when negative AE is obviously balanced by a large
negative non-turbulent flux portion. This is in accordance to Lee who reports a positive correlation between
closure gap and w, at night. Lower panel: Calculated w, by the Paw U method are considerable higher in absolute
numbers but show the same tendency as the one according to Lee.
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Figure 3: Energy flux ratio J = H + LEIAE of the two forest sites plotted as a function of friction velocity
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and open circles represent 11>0 (unstable); negative w, indicate downdrafts, positive updrafts; values of J
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Such promising results should lead to a considerable improvement of the closure when applied to calculate the
non-turbulent fluxes. However, analysis for Tharandt showed no clear effect: Nighttime coverage of AE
improved with the Lee method but the systematic decrease for daytime values overcompensates this effect
yielding poorer closure and an increase in scatter. Taking Paw U velocities produces too large non-turbulent flux
portions in the Tharandt case.
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Only some cautious conclusions can be drawn at the moment:
• Mean vertical velocities can be derived from EC measurements and are related to energy balance
closure.
•

There is no bias to downdrafts at Tharandt (no closure gap during daytime) but in Hartheim (closure gap
during daytime).

•

The high signal-to-noise ratio of the multitude of data (especially the gradients) necessary to derive the
non-turbulent fluxes camouflage the relation to closure during daytime when gradients are small.

Open questions remain like the treatment of the coordinate rotation or the scale problem related to comparisons
between local micrometeorological fluxes and regional or synoptic flow systems. Additionally closure problems
are also reported from crops whereas Lee (in contrast to Paw U et al.) addresses non-turbulent flux as a
phenomenon only relevant to forests or large measurement heights, respectively. Further tests with sites with a
clearer "gap signal" (like the orchard oasis reported by Blanford et al. (9) and crops) and additional analysis is
necessary to clarify whether the proposed methods will actually improve EB closure.
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MODELLING OF WATER EXCHANGE BY BEECH STANDS UNDER THE
INFLUENCE OF ELEVATED TEMPERATURE AND ATMOSPHERIC C0 2CONCENTRATION
A. Stille and D. Overdieck
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ABSTRACT

Models for photosynthesis and transpiration of beech leaves (Fagus sylvatica L.), for the growth of juvenile and
adult beech stands in Central Europe, for evapotranspiration of these stands, and for soil water flux, are all
combined and modified in order to answer questions about the impacts of atmospheric C02-concentration and
temperature elevation (greenhouse-effect) on whole deciduous tree stands. The canopy is divided into seven
different leaf-layers. The model quantifies interception, evapotranspiration and rates of vertical water flow in a
Ferric Cambisol on the basis of measured local microclimatic data (photosynthetic photon flux density,
temperature and vapour pressure deficit) and a weather generator (precipitation) over 150 years for today's
ambient C02-concentration and 700 J.UllOl mort C0 2 on 1 m·2 grids in the landscape. Differences of transpiration
in response to elevated C02 are not predicted on ground area basis, whereas interception is decreased by 26% at
the high C02 level and evaporation from the soil surface is increased by 27%, and groundwater discharge is by
33% greater in the total balance over 150 years. Temperature increase of2 °C results in reduction of transpiration
and interception by 6-8%, and increase of evaporation amounts to 4% and that of groundwater discharge to 14%
at today's ambient C02 concentration. At the elevated C02 level transpiration is 6%, interception 5% and
evapotranspiration in total 4% lower. Whereas groundwater discharge is increased by 6% at the temperature level
rise of2 °C.
INTRODUCTION
At elevated atmospheric C0 2 concentration European beech reduces stomatal conductances and increases leaf
area index simultaneously in stands ( l ). Therefore, in spite of improved water use efficiencies of single leaves,
more water per unit ground area could be lost by transpiration on a stand-basis. Direct measurements of
transpiration rates of whole stands are feasible only with groups of herbaceous plants (2) or ensembles ofjuvenile
trees using classical methods for measuring gas exchange; comparable measurements cannot be conducted on
adult stands with the same adequate accuracy. However, results obtained from juvenile tree groups should be
used for prognoses. Therefore, modelling of C02 net uptake was first connected with modelling of transpiration
of stands (3) considering different leaf layers of the canopy in dependence of C02 concentration and photon flux
density (PPFD). This model predicted an increase of the yearly transpiration losses by 12% for a 120-year-old
beech stand at 700 J.Lmol mort C0 2 concentration despite smaller transpiration rates per leaf area unit. If
temperature and vapour pressure deficit as additional factors are introduced into the model it predicts that total
transpiration of adult stands - on ground area basis - is not significantly different between today' s ambient
atmospheric C0 2 and doubled C02 concentration (4). Therefore, it became necessary to introduce the factor
precipitation and combine the routines for calculation of transpiration and interception with evaporation from the
soil surface and of groundwater-discharge. The aim of this study is to develop scenarios for long-term C02
effects on the water budget of beech stands that also allow prognoses of effects from tropospheric warming.
METHODS
The model comprises three main parts: In the I.. part, C0 2 exchange, growth and structural properties of the
stands are determined. In the 2"d part, water balance of the stand and in the 3rd, soil water exchange is modelled.
Input variables are the phytomass in the beginning of plant growth and actual values of photosynthetically active
photon flux density (PPFD), air temperature (T), vapour pressure deficit (VPD) and plant available precipitation.
Output values for each time step (years) are the phytomass, yearly rates of transpiration, interception, evaporation
from the ground surface and groundwater-discharge.
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Figure 1: Annual fluxes of transpiration, interception, evaporation from soil surface and groundwater
discharge per kg total dry phytomass of a Central European beech stand at two different C02
concentration levels.
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Climatic data (PPFD, T, VPD) are accessed by the model by means of Fourier-rows fitted to long-term
measurement or in case of precipitation and optional for the other climatic data by a weather generator. The
weather generator produces daily values from monthly means and is based on a 'short method' version of
Richardson and Wright's model (5) modified by Mobbs (not published, Institute of Terrestrial Ecology,
Edinburgh), and combined with a database. All other microclimatic data are derived from own experimental data
(half- hourly-means).
C02 net assimilation is determined by means of the mechanistic Farquhar-model (6). The assimilated phytomass
is allocated to leaf mass and masses of roots and shoots .by means of own empirical functions. Leaf masses are
distributed among seven layers according to long- term C02 enrichment experiments with juvenile beech (7).
Stomatal conductances are calculated by means of the model BIOMASS (8,9). Stomatal conductances of a leaf
layer are calculated from T, VPD, PPFD and soil water content. At 350 Jlmol mol"1 C02 minimal stomatal
conductance amounts to 0.08 and maximal to 0.58 mol m"2 s·' . Corresponding values for 700 JlffiOl mol ·' C0 2 are
0.06 and 0.34 mol m·2s·' , respectively (1). Maximal stomatal conductance is reached at a PPFD of 400 JlffiOl m "2s·
1
photons. In addition, it is assumed that stomata start to close at a water pressure deficit of 0.4 kPa and are
totally closed at a deficit of 4 kPa. When plant available soil water drops below of half of the field capacity, it is
also assumed, that stomata begin to close and that below 2.8% stomata are completely closed. It is linearly
interpolated between these two threshold values.
Transpiration is based on modified Penman-Monteith approach (10). Evaporation from soil surface is calculated
by the unchanged Penman-formula. The heat available for the evaporation from the ground is calculated under
the assumption that short-wave radiation decreases analogically with PPFD.
The submodel for the soil water budget is a simple 'tipp~g bucket'-model (11). Water conductance and soil
water potential are each assigned in a lookup table in dependence of water content per layer. This submodel
balances precipitation, evapotranspiration, groundwater discharge and the water exchange of different vertical
soil layers. (Lateral fluxes are not modelled.) Infiltration rate is mainly limited by the humidity of the soil surface
and actual infiltration rate is mainly influenced by the humidity of the uppermost soil layer. Groundwater
discharge is dependent on the humdity of the deepest unsaturated soil layer (12).
RESULTS
In Fig. 1 yearly transpiration, interception, evaporation from ground surface and water discharge rates per kg dry
mass (total-phytomass) are plotted against stand age in years. Sum of yearly transpiration for 150 years is lower
1
1
by 14% at 700 JlffiOl mol" C02 than at 350 J.1ffiol.mol" C02• Reduction of rates amounts to 36% for interception,
whereas the rates are raised by 9% for evaporation·from the soil surface and by 16% for ground water discharge.
On the basis of the ground area unit differences are not so obvious (Fig. 2). In this case yearly rates of all four
fluxes are not always greater under elevated C02 concentration. Transpiration rates fluctuate around each other.
Accumulated over 150 years there is no clear difference. Yearly stand interception is reduced by 26% at elevated
C02 concentration whereas evaporation from the ground surface increased by 27%. At the elevated C02
concentration level, the groundwater discharge rates are lower by approximately 33% over 150 years.
Table 1 shows that differences between accumulated rates are _greater if one compares the .t wo C02 concentration
levels than between temperature level steps of 2 °C. Comparisons of our results fr-om modelling with measured
data .from the so-called Soiling-project (13) indicate that all rates for Berlin are clearly smaller at the lower
prec\pitation of this site in a more subcontinental climate.
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Table 1: Modifications of water fluxes accumulated by modelling over I SO year s for different C0 1 and
temper ature scenar ios.
nuxes accumulated over 150 years tmmJ
350 p.mol
mol-l

700p.mol
mol-l

700p.mol
mol-l

700p.mol
mol-l

temperature level

+OoC

+Ooc
+ooc
+2°C
+2°C
+2°C
deviation
deviation deviation
from
from
from
column2 column 2
column 2
(absolute) (relative)
(relative)
mm]
%]
%1
37.80
0.20
-5.89
18205
18228
-13785.67
-26.37
-7.51
36447
48353
7054
4.00
8759
1855.73
27.36
33.14
14.20
12485.50
43022
53103

+0°C

transpiration
interception
evaporation
groundwater
discharge
evapotranspiration

19345
52278
6783
37671

19383
38493
8638
50157

26127

28021

1893.53

700p.mol
mol-l

350 p.mol
mol-l

C02-concentration 350p.mol
level
mol-l

7.25

25259

-3.32

26987

700p.mol
mol-l

350 p.mol
mol-l

350p.mol
mol-l

+2°C
deviation
from
column2
(relative)

-2°C

-2°C
deviation
from
column 2
(relative)

%]

%]
-5.78
-30.28
29.14
40.97

19044
54974
6639
23201

-1.56
5.16
-2. 11
-38.41

3.29

25683

-1.70

DISCUSSION
Our model runs lead to the expectation that elevated C02 concentration and changed temperatures affect the
water budget of beech stands mainly via changes of stand structure. At greater C02 supply greater leaf area and
changes of the vertical distribution of leaf masses were found. Thus, it can be explained that for instance
transpiration rates based on phytomass unit and leaf area respectively are evidently decreased at 700 J.UllOI mol"1
C0 2 . However, calculated on ground area basis, they are increased up to the stand age of 90 years. C02- reduced
interception can also be explained by larger leaf area and changes of leaf area distribution. So lower leaf layers
are more shaded and less energy for the evaporation of water is available there. Enhanced evaporation from the
soil surface might be an effect of the fact that in the model all fluxes are forced in vertical direction (surface
runoff is neglected), so the amount of water pooled on the soil surface and in the top soil layer from which the
evaporation rates are calculated, may become temporarily large.
The unexpected slight responses to temperature changes are also due to changes of leaf area. Our model
prognosticates lower leaf masses, because temperature strongly influences respiration in the model, leading to
losses of material necessary for leaf production. Therefore, transpiration and interception decreases slightly
whereas evaporation from the soil surface increases a little.
The strong influence of structural properties of the stand on the other hand creates problems for forecasting the
long term effects of elevated C02 concentration and temperature on the water exchange of beech stands. It cannot
be foreseen if results from recent experiments indicating major responses of stand structure will also occur over
time periods such as long as life-spans of generations of forest trees. Whereas reaction of stomata as well as
physical dependencies of water budgets of single woody plants in total, and their leaves can be described more
easily by adequate models.
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STRUCTURE OF TURBULENT EXCHANGE ABOVE A FOREST
Roland Vogt, Christian Feigenwinter
MCR Lab, Department of Geography, University of Basel, 4055 Basel, Switzerland

ABSTRACT
Profile data and time series of turbulence were sampled at three heights above a pine forest. Roughness length zo
and zero plane displacement Zd are calculated to be 1.2 and 8 m. Standard deviations group well close to the
predictions of Monin-Obukhov similarity (MOS) theory. Enhancement of turbulent exchange is weak (-Q.8-l ,
1.2-1.4, -1 for momentum, sensible and latent heat). Locally scaled variables show no significant vertical
differences. Friction velocity is found to be constant within z/h = 1.4 to 2.4 for undisturbed situations. Peak
frequencies from wavelet spectra of temperature fluctuations showed a dominant time scale of 30 s. Similar
patterns occur at all three levels. Temperature and longitudinal velocity at bottom level lag 2 and 3 s behind those
at top, while changes between up- and downdrafts occur more or less simultaneously. 70 to 80 % and 60 to 70 %
ofReynolds fluxes of sensible heat and momentum are covered by conditional averages.

INTRODUCTION
What is generally called flux-gradient-relationships is not found to be so well established above rough surfaces
like forests compared to smooth surfaces like grassland or other agricultural sites. This "anomaly" has been well
known for more than 20 years (1, 2, 3) and complicates the application of flux-gradient relationships, as found
within the MOS framework, to turbulent fluxes in climate or dispersion modeling (in case of urban canopies).
Nevertheless, they are still in widespread use. Motivation for this study was to see how the flux-gradient
relationships look above an "ideal" forest and how turbulence is organized vertically, and we report from our
analysis of unstable conditions.

METHODS
The Hartheim experiment (HartX) took place from May, 12 to 22, 1992 at the research station of the Institute of
Meteorology of the University of Freiburg (IMF) and it was an intensive measurement campaign within the
framework of the French-German-Swiss research project REKLIP (Regio Klima Projekt). The site is located in a
uniform Scots Pine plantation (Pinus silvestris) in level terrain in the Southern Upper Rhine Valley, Germany,
WSW ofFreiburg (47°56'N, 7°37'E, 201m a.s.l.). The average height h of the 33-year old canopy was 12m (1014 m), stand density and leaf area index were estimated to be 4000 stems/ha and 2.8, respectively. Fetch
conditions in the main wind directions can be judged as very good for such a rough surface ( == I :I 00). During
HartX 10 research groups were investigating the energy and mass exchange of the forest. More details can be
found in (4,5).
Table I gives an overview on the instruments used for the present study. Three eddy covariance units were
operated on a 30m scaffolding tower at heights zlh = 1.4, 1.9 and 2.4 m. Fast data were sampled at== 21 Hz and
raw values were stored for subsequent analysis. Two sets of profile instrumentation were used to measure
gradients of wind speed, air temperature and humidity. Fluxes and mean variables were calculated on a half
hourly basis. Sonic data were calibrated applying a Matrix correction, which was derived from wind tunnel tests
according to (6), and also, for comparison, by the manufacturer's calibration (referred to as Gill correction) (7). A
two way coordinate rotation forces the lateral and vertical component v and w to zero and is applied to the
covariance matrices, which consist of linearly detrended variables. The mean gradients are derived from
derivatives of log-linear fits to half hourly profiles at the heights of sonic measurements. ou/oz, the gradient
scalar wind speed as measured by the cup anemometers, was corrected for overspeeding according to (8) using
the three sonic levels. The methods for the analysis of the time series are described in (9, I0).
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Table 1: Overview. on part of the instrumentation· operated during HartX.

air temperature and humidity
(psychrometer)
wind speed
(cup anemometers)
net radiation (pyrradiometer)
soil temperature (Pt 100)
eddy covariance (3D-Sonic, UV-Hygrometer)

MCR

IMF
IMF
MCR
MCR
IMF
MCR

15.56, 19.14, 23.62, 29.4 m (height above ground)
2, 10, 12, 15.56, 19.14, 23.62, 29.4 m
11.86, 15.27, 18.8, 23.42, 29.39 m
16.2, 18.12, 20.05, 22.74, 25.51, 28.74, 32.8 m
13.8m
-0.01, -0.03, -0.05, -0.1, -0.2, -0.4 m
17.3, 22.3, 28.3 m

RESULTS AND DISCUSSION
The height above ground is an important scaling parameter and the introduction of a zero-plane displacement Zd
should account for the presence of roughness elements, and of a roughness length zo for their efficiency to absorb
momentum. Vogt and Jaeger (11) found, for the same canopy, well defined values for Zd and zo by applying least
square fits to wind profiles, but 6 years later, this method gave unreasonable results (possibly due to different
instrumental setup and much shorter sample period). Instead of that, Zd was calculated using the dimensionless
gradient for neutral conditions Zd = z- u• I (k(oucloz)), with u• the friction velocity and k the Karman constant
(0.4). We obtained under neutral conditions a value of 8 m for Zd and a corresponding roughness length of I .2 m,
inserting Zd into the logarithmic wind profile equation. We like to mention that the temperature variance method
(12) yielded no plausible estimates for Zd, which is calculated using MOS-predictions for dimensionless standard
deviations of temperature fluctuations and minimizing the deviations to measured values by varying Zd. This is
surprising as the standard deviations do follow the MOS-predictions relatively well. The predictions for axlx• can
be approximated with.fx(~) =±ext( ! - Cx2 ~)±l/3 , with~ being the stability index (z-zd)IL, L the Monin-Obukhov
stability length, and CxJ and Cx2 are empirical constants which can be found in (13). x stands for u, v, w, T and q
and x. means U• in case of u, v, wand the temperature and humidity scales T• and q• in case ofT and q. In Figure
1 the normalized sigmas are plotted versus stability index for unstable conditions. In case of awfu•, the values
remain constant up to -~ =0.4 and then follow the free convection limit. There seems to be a quite clear transition
from mechanically to thermally dominated turbulence. The upper two levels behave alike, and are below the
empirical relationship, while the lower level follows it closer. The crr/T•-values show the least scatter, all three
levels are close together and follow the empirical relation with a positive offset, while the average values of
aqlq• are close to the MO-prediction, however showing the largest scatter. The results using the Gill calibration
(not shown) were not remarkably different, except for the Ow-values: they were slightly lower due to higher u•
values (Table 2) and the lowest level was not separated from the other two above.
In Figure 2 (right) the "ideal" nondimensionalized gradients are divided by our locally measured values and
displayed as ratios versus ~ for unstable conditions. k(z-zd)(oxloz) lx• should behave according to C/JM.H.E(~) with
x and x• being uc and u• or T and T• or q and q•. Considering the large enhancement of the exchange of sensible
latent heat found above other forests (10,14,15) in the range or 2 to 4, the values we found are with 1.2 to 1.4
"anomalous normal", at least for sensible heat flux. In case of latent heat, there is a large scatter around 1, which
not only reflects inherent difficulties in measuring small humidity gradients, but is also caused by different
diurnal behavior of the gradients: ()Tf()z shows a distinct diurnal course while oqf()z switches during daytime to a
1
1
1
1
more or less constant and notoriously small value around -0.02 g kg" m· at 14m (and less than -0.01 g kg" m·
at 22 m, see Figure 2). AsH and J..£, the measured sensible and latent heat fluxes, show a diurnal course, one can
assume that C/JH and C/JE are different, which could be caused by different source distributions. The ratio for
momentum C/JM•IC/JM scatters around 1 or slightly below up to -~ =0.4 and then goes down to =0.7. This
corresponds to the abrupt transition from mechanically to thermally driven turbulence, as also seen with awfu•.

212

2

4

..

:::J

~

t>
1
4

E!.

1=--

?1
0.5
4

..

w

~1
w

0"
..._
0"

~

e

t> 1
0.5
0.01

~

0.1

1

0

6

0.03

~
1 2

0.1

-~
Figure 1: Left: Nondimensionalized standard deviations crwfu.,

crp T.

and crqlq. plotted versus stability

index (unstable conditions). Measurements at z/h: 0 = 1.4, = 1.9 and A = 2.4. The markers indicate the
mean, the lines ± one standard deviation. The empirical functions 1.25(1-3{}113 (top left) and
-2.9(1-28.4{ rll3 (middle, bottom left) are drawn, the dotted line represents t he free convection limit.
Right: Ratios of the so-called Dyer-Businger stability functions and measured ones versus stability index
1

,~

(<l>M· = <l>H· =<1>£· = (1- 16 ':>)

). Zd was taken as 8 m.

.

In Figure 2 temperature and humidity gradients are plotted versus the available energy, which is net radiation
minus storage fluxes. This simple picture qualitatively reflects the problems encountered when trying to describe
the exchange conditions according to the MOS framework. The temperature gradients behave quite well with
respect to the primary energy input, represented by the available energy, while the humidity gradients- not only
because of measurement problems - do not. During daytime, the layer above the forest remains well coupled to
the surface even during cases of low wind speed. During night time, however, the airflow above gets de-coupled.
Averages of kinematic Reynolds stress are listed in Table 2. Flow from North was possibly influenced by a little
clearing directly adjacent to the mast (diameter =10m), at least the lowest level, while the upstream area to the
South was ideal. The best case, flow from South, data rotated and Matrix calibration applied, shows practically
no systematic vertical variation.
In order to get more information on scales and vertical coupling of turbulent exchange, conditional averaging was
applied, as described in ( 10). The turbulence conditions during a selected 4-h period did not change very much
{Table 3), which justifies displaying results as averages over the 4 hours. Wavelet and Fourier spectra (Figure 3)
agree very well, and from peak frequencies of T'-spectra, the dominant time scale was found to be 30 s. Events
were detected in time series of Tat the lowest level as the zero crossing of the wavelet coefficients at this scale,
and, because of simultaneous selection at all three levels, Figure 4 contains also the time lags in the vertical
during passage of turbulence structures. The lag between top and bottom level of temperature and longitudinal
velocity is 2 and 3 s, respectively, which is (expressed as normalized time lag "CUchlh = -0.8 and -0.53) in the
range as found e.g. in ( 16). The change from up- to downdraft occurs simultaneously at all three levels and lags
=2 s behind the zero crossing of T' at the lowest level. Conditional averaging of events detected by ramps catch
70 to 80 % and 60 to 70 % of Reynolds fluxes of sensible heat and momentum.
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Table 2: Averages of kinematic Reynolds stress at three heights. Values grouped according to calibration
method, wind direction (from South (N = 80) and from North (N =170) and rotation mode.

zlh
2.4
1.9
1.4

;

South
rot.
no rot.
0.179 0.172
0.176 0.200
0.172 0.205

Matrix calibration
North
rot.
no rot.
0.220 0.228
0.209 0.226
0.152 0.169

<»

Gill calibration
North
rot.
no rot.
0.255 0.238
0.247 0.268
0.226 0.248

1.00!

0. 10

0.01

0.01

'lJ 1.001

0.10

0.10

0.01 _

0.01

~ ::fA- J::l K
l
c::t ~l ::r ~ l
0.0001 0.001

0.01
0.1
I [Hz)

10

all
no rot.
0.2 14
0.237
0.221

Fourier spectra of u', w', T',

0.01

0. 10

rot.
0.229
0.221
0.204

Figure 3: Wavelet (left) and

0.10

<»

:

South
rot.
no rot.
0.174 0.162
0.165 0.173
0.157 0.165

'"!
'"!
'"I

1.001
0. 10

... 0.01_

c

all
rot.
no rot.
0.208 0.210
0.199 0.218
0.159 0.179

0.0001 0.001

0.01
0.1
I [Hz]

10

u'w' and w'T' (top to bottom)
for the period from 12:00 to
16:00 at May 16, 1992.
Measurements at z/h: thick
line = 1.4, thin line = 1.9 and
dotted line = 2.4. Displayed are
averages of spectra based on
hourly runs.
Wavelet spectra peak frequencies for zlh (1.4, 1.9, 2.4) are for
u'
0.023, 0.023, 0.016
w'
0.11, 0.072, 0.072
T'
0.034, 0.034, 0.034
u'w'
0.034, 0.023, 0.023
w'T' 0.049, 0.049, 0.049

Table 3: Meteorological conditions during the period used for conditional averaging (AE= available
energy).
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16/5
1992
12:30
13:00
13:30
14:00
14:30
15:00
15:30
16:00

T

u

uw

W T

26.95
27.40
27.70
27.82
28.22
28.39
28.36
28.24

3.22
3.53
3.84
3.75
3.31
3.04
3.43
3.42

-0.45
-0.40
-0.47
-0.36
-0.29
-0.27
-0.26
-0.25

0.26
0.24
0.22
0.22
0.20
0.17
0.17
0.14

I

I

1

1

T

u

uw

WT

26.81
27.06
27.46
27.65
27.89
28.25
28.24
28.06

3.88
4.26
4.48
4.48
4.01
3.58
4.06
3.97

-0.58
-0.60
-0.65
-0.47
-0.43
-0.56
-0.55
-0.47

0.32
0.32
0.29
0.25
0.21
0.24
0.24
0.16

I

1

I

T

u

uw

WT

26.72
26.85
27.30
27.53
27.68
28.15
28.16
27.95

4.34
4.80
4.91
4.96
4.41
3.91
4.48
4.41

-0.60
-0.66
-0.72
-0.55
-0.47
-0.63
-0.62
-0.62

0.29
0.29
0.30
0.26
0.23
0.26
0.24
0.19

1

I

I

1

~

1

AE

-0.145
-0.136
-0.112
-0.158
-0.171
-0.138
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-0.116
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500
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398
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Figure 4: Conditional averages of <u'>,<w'>, <T'>, <u'w'> and <w'T'> at different heights. For the
variances the left and for the co-variances the right scale is valid. Data are taken from runs displayed in
Table 3. Grey lines: conditional averages of 1 hourly runs, black lines: average of 4 hours. Averages are
plotted as smoothed curves (filter width 10). Variances and covariances are normalized by their standard
deviations and Reynolds fluxes, respectively.

This is different from (10), where Ill and 115% are reported at zlh = 1.24. The patterns at all three heights are
very similar and the air flow above the forest is well coupled. Applying this technique to more runs and other
situations (i.e. at night time) promises to get more useful information on how and to what extent turbulence flow
is influenced and governed by turbulent structures.
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RECENT ADVANCES IN AGRICULTURAL, FOREST AND PLANT
BIOMETEOROLOGY
K.T. PawU
Department of Land, Air and Water Resources, University of California, Davis, CA 95616-8627, U.S.A.
ABSTRACT

Recent advances in agricultural, forest, and plant biometeorology are discussed. Increases in the sophistication
and decreased costs of computers and instrumentation have fueled rapid advances in the modeling and long-term
measurements ofbiometeorological variables. Fundamental theory and hypotheses have lagged somewhat, with
only a few novel concepts in the last decade.
Interest has risen in the topic of scaling from the leaf level to the global scale, to examine the global
biometeorology of climate change. This has resulted in models that have concentrated on the global scale, the
mesoscale, and the microscale. Examples are given where leaf-scale processes are scaled to the canopy level,
and then from the canopy level to the mesoscale level interactions. Results are presented which demonstrate that
changing the complexity of micrometeorological, turbulent exchange process models, and changing the
complexity of the plant physiological response models, both have potentially large impacts on the apparent
ecosystem response to global change.
Advanced and reliable instrumentation has led to fast-response sensors for many trace gases and wind velocity,
and improved radiometers. This has led to continuous measurements of biometeorological exchange processes.
Some results are presented from the largest forest canopy crane, situated in a 500 year-old temperate rain forest
in North America.
The theory of mass and energy exchange measurements, used to assess plant community response to atmospheric
variables, is also discussed. It is concluded that in the current stage of advanced computational and instrumental
development, reasonably complex models and measurements are justifiable.
INTRODUCTION

Advances in micro-chip electronics, leading to powerful computers, both personal computers (PC's) and
mainframes including large parallel-processing super computers, have led to greatly increased measurement and
modeling abilities.
In this paper, three major topics are considered. The first is that of modeling. Plant-atmosphere exchange of
energy, mass, and momentum dominates any study of plant biometeorology, including agro- and forest
meteorology.
METHODS

Pertaining to the experimental section of the paper describing continuous measurements over a 500-year-old forest
biome, since the spring of 1998 three-dimensional sonic anemometers have been operating along with fast-response
infrared gas analyzers (IRGAs), to measure the eddy-covariance of sensible heat, carbon dioxide and water vapor, on
a continuous basis. These micrometeorological instruments (at 3 m and 70 m heights), along with microclimatic
stations mounted at 6 heights, are on a tower supporting the world's largest canopy crane, at the Wind River Canopy
Crane Research Facility (WRCCRF) in Southern Washington state, U.S.A. The microclimatic stations monitor the
vertical profile of air temperature, relative humidity, wind speed and horizontal direction (using 2-dimensional sonic
anemometers), and incoming short-wave radiation at the following heights: 2, 12, 23, 40, 57, and 68 m, with shortwave and long-wave radiation in two directions being measured at the 85 m level. Continuous measurements have
been taken for over a year now, as part of the AmeriFlux network which monitors carbon dioxide, and energy budget
exchange over a variety of ecosystems across the Americas.
This experiment was preceded by several smaller ones to improve general exchange measurement techniques. Two
studies were carried out in the summers of 1996 (over and within a maize canopy) and 1997 (over and within a
cotton canopy). The 1997 study cross-compared six identical three-dimensional sonic anemometers/thermometers;
the 1996 study cross-compared three different types (1). The 1997 study was to allow assessment ofhow accurately
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and precisely profiles of turbulent and mean quantities such as velocities and virtual temperature can be measured
with sonic anemometry.
Following the cross-calibration experiment, an advection experiment over grass was carried out in Davis, California.
Sonic anemometers were arranged in a 16m down-wind grid at a height of0.4 m above the ground. This
experiment's purpose was to examine the nature of advection effects on exchange, and the ability of sonic
anemometers to detect such effects.
Theoretical analysis was made for the conservation of mass within a volume, and this was applied to
rnicrometeorological techniques used to obtain the exchange of material between plant ecosystems and the
atmosphere. The equation for the conservation of mass is,

where u1 is the velocity component in direction i, p, is the mass concentration of species c, and S, is the Eulerian
source term for the scalar, in units of Kg m·3 s·•.
Pertaining to the modeling section, a battery of models have been developed. The Large-Eddy Simulation (LES) is
based on the work of Shaw and Schumann (2) and Su et al. (3). It represents the first time these advanced methods
were used to simulate well-developed canopy turbulent exchange. In LES, the fluid dynamics-based equations of
motion are directly solved at grid points, with the exchange processes between grid points modeled with closure
schemes. The time evolution of turbulent coherent structures responsible for most exchange processes are therefore
directly simulated. The grid spacing for this model was 2m, with a domain of96 nodes in the horizontal directions
and 30 nodes in the vertical.
The mesoscale model is based on the PennState/NCAR MM5 code, which simulates flows at larger scales than the
LES, with much larger grids. The general principles are similar, with direct simulation of flows at the scale of the
grid points, and parameterization of sub-grid scales with some form of closure schemes. This model includes
simulation of radiation transfer in the atmosphere, cumulus convection, precipitation, and is suited for complex
terrain. This model is linked to at the bottom part of its domain to the detailed, higher-order soil-plant-atmosphere
model described below.
A higher-order closure technique to describe turbulent exchange, developed by Meyers and Paw U (4,5), and later
modified (6) is the basis of a soil-plant-atmosphere exchange model. This has been compared to simple models (6).
The simple model was based on the 'big-leaf' concept of a single plant canopy layer (a 'big' leaf), and the higherorder closure model included a 10-layered plant canopy. In each leaf layer, a full plant physiological sub-model
describes photosynthesis and stomatal response (7,8,9), for 9 sunlit leaf angle classes and one shaded leaf class. The
multi-layer model was also run with a simplified physiology 'multiplicative' sub-model (6). Leaf temperature was
calculated using a quartic solution (10,11,12). Radiation transfer is described for both short-wave and long-wave
radiation, and includes the simulation of anisotropic long-wave emissions (12).
An example of the equations used to describe the eddy-covariance exchange of scalars (temperature; gaseous
concentrations such as those of carbon dioxide, water vapor, isoprenes, etc.) between plant layers and above the
atmosphere is:

[1]

where cis the scalar concentration, u is the horizontal component of the wind velocity, w is the vertical component
of the wind velocity, pis the pressure. Reynolds decomposition is used here, where each variable is split into a mean
component indicated by an overbar, and a turbulent perturbation indicated by a prime. In the actual model, full
stability effects are carefully included without use of similarity, within the plant canopy.

218

RESULTS
The cross-comparison study showed that sonic anemometer mean vertical wind speeds agree within a few em s' 1 of
each other. The mean longitudinal component comparison had a scatter of 0.1 m s' 1 (approximately 3%), the sonic
temperature, 0.1 K, while the Reynolds stress had a scatter of0.01 m2 s·2 (approx. 5%). When wind directions caused
the small tower-mast to be upwind of the sensor heads, the Reynolds stresses were the most affected by tower,
mounting, and probe flow distortion, while velocity-scalar covariances such as sensible heat, and mean scalar values
were least affected. This work showed that even a small tower or mast, when upwind of the sensors, can cause large
scatter (20-50%) in covariances such as the Reynolds stress.
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Figure 1. Heat flux downwind of a step change in the energy budget (bare ground to grass), normalized
such that the normalized heat flux at the upwind edge is 0 and the normalized flux at the most
downwind point is 1.

Preliminary heat flux and friction velocity data from the 16m grid are consistent with typical fetch-height studies
such as that by Baldocchi & Rao (13), showing that the boundary layer is not fully adjusted in this case at a fetchheight ratio of 40, under stable atmospheric conditions, for the sensible heat flux (See Fig. 1) , but that for the
Reynolds stress, at fetch-height ratios between 20 and 40, the boundary layer seems adjusted within experimental
error.
Fig. 2 shows the average carbon dioxide exchange for the 500-year old forest averaged over the month of May,
1998. Negative values represent assimilation, which occurs through the sunlit period of a day. When the carbon
dioxide exchange is integrated over the year, starting from the spring of 1998 until the spring of 1999, our results
show surprisingly that the old-growth forest assimilated between approximately 1 and 2.5 metric tons per hectare.
The theoretical conservation of mass derivation results in the equation below
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Figure 2: Average diurnal course of CO~ exchange for a 500-year old forest., dur ing May, 1998.
Time is Pacific Standard Time, U.S.A.

where rna is the molecular mass of air, mv is the molecular mass of water, s is the mixing ratio of species c, and
the air density is p. The first term on the left-hand-side represents transient storage of material in the air spaces
of a canopy; the second term in square brackets, the Webb et al. (14) correction term, the third term, the mean
vertical advection term (15), and the fourth term, the eddy-covariance measurement. The right-hand-side
represents the ecosystem exchange term, which one is trying to measure.
LES results are not presented in this paper for the sake of brevity, but can be seen in detail in Shaw and Schumann
(2) and Suet al. (3). Similarly, the mesoscale results are not shown here in figure form, but it can be reported that
preliminary linkage between the mesoscale model and the multi-layered, higher-order closure transport soil-plantatmosphere model has been accomplishe~.
The response of a plant canopy's carbon assimilation is strongly dependent on the choice of physiology and Vfhether
the canopy model is multi-layered. At current C0 2 concentrations, the less advanced physiology model carbon flux
is over 10% greater than the more advanced one, and the less advanced exchange big-leaf model predicts a carbon
flux 70% higher (4). At double current ambient C02 concentrations, the simple physiology model predicts a carbon
exchange double that of the more advanced physiology model, and the big-leaf model predicts a carbon flux over
50% higher than the more advanced higher-order closure layered model. The more sophisticated physiqlogy and
layered model yields the least amount of assimilafion response to increased carbon dioxide concentrations, in
contrast to the simpler multiplicative physiology sub-model or the 'big-leaf' single layered plant canopy (4).
DISCUSSION

Advanced instrumentation, when appropriately calibrated and compared, yield results with relatively low errors,
and therefore can allow reliable, long-term, quasi-continuous measurements. However., eddy-covariance results
in higher errors than the individual variable errors, and must only be used when the air flow is not coming from
behind the sensor probe mounts. Other correction terms have been derived, and imply that the Webb et al. (14)
correction must used in addition to mean advective fluxes. For long term biometeorological exchange estimates,
the mean gradients of the scalar of interest (temperature, moisture, carbon dioxide concentration, etc.) must be
measured in the vertical and possibly in the horizontal. Fetch criteria must also be reasonably predicted. Careful
attention must be paid to the fetch-height ratio under stable conditions, because it can be greater than 40: 1 under
such situations. For the WRCCRF, for example this would translate to a requirement of over 2.5 km. Our
preliminary results surprisingly show that the old-growth, 500-year old forest assimilates carbon almost as
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strongly as much younger coniferous forests, during some years. Previous long-term estimates implied no net
assimilation or perhaps that such old-growth forests could even be a carbon source instead of a sink.
Advanced modeling results in realistic values of turbulent processes. LES can accurately simulate the existence
of turbulent coherent structures, and the general profile of wind speed in a plant ecosystem (3). This method
could lead to more fundamental understanding into how plant communities and the atmosphere interact. A
mesoscale model has been linked to a more detailed micro-scale biometeorological soil-plant-atmosphere model,
leading to the better possibility of understanding the interactions between heterogeneous vegetated surfaces and
the atmosphere, including precipitation and circulation pattern interaction. The micro-scale soil-plantatmosphere model demonstrates that more accurate specification of plant layering, and the usage of advanced
plant physiological submodels, is a necessity. In combination with the experimental data, the model
demonstrates the absolute necessity of accurately accounting for the interactions between turbulence and withincanopy atmospheric stability.
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THE ALBEDO ABOVE FORESTS- SEASONAL VARIATION, COMPARISON OF
FOREST SPECIES, AND THE INFLUENCE OF THINNING
Y. Nakai, K. Kitamura, T. Sakamoto, T. Terajima, and T. Shirai
Hokkaido Research Center, Forestry and Forest Products Research Institute, Sapporo 062-8516, Japan
ABSTRACT
The albedo above spruce, fir, larch, and ash forests in northern Japan was investigated over two years. Seasonal
variation in the albedo and the influence of thinning on the albedo were documented and analyzed. The daily
albedo during the snow-cover season was higher than that during the snow-free season. The winter albedo
fluctuated widely and had sharp peaks due to snow-cover on the canopy. The daily albedo during the snow-free
season was in the range between 0.09 and 0.18, which is lower than that during the snow-cover season. Both the
spruce and larch forests were thinned in December 1997. After thinning, the albedo during the snow-free season
decreased above the spruce forest and showed no change above the larch. The dependence of the albedo on both
solar height on clear days and degree of cloudiness on cloudy days was analyzed using the data for a few days in
each month. The dependence changed mainly with tree phenology and partially with thinning during the snowfree season. The calculation for the snow-free season, using the seasonal change of the dependence of the albedo
on solar height and sky clearness, reproduced the seasonal variation in the albedo, while the calculation using a
fixed relationship between the albedo and solar height and the degree of cloudiness did not reproduce the
variation. This confirmed that the quantity and quality of canopy leaves play a main role in the seasonal variation
in the albedo of forests with a dense canopy.
INTRODUCTION
Albedo is the reflected fraction of incoming solar radiation. It is an important parameter for energy balance at
the land surface and is of interest for ecological, climatic, and remote-sensing studies. Many studies have
examined albedo above various surfaces (I). It is important to understand how albedo depends on forest
conditions (2). The albedo of the canopy determines the total albedo above typical temperate forests with a
dense canopy. The foliage in the canopy is clumped in tree crowns, with regular peaks and depressions in the
canopy surface, causing much of the incident reflection. This enhances the capture of solar radiation (3), so that
the albedo of forests is lower than that of other vegetation (4 ). The albedo of forests is influenced by the solar
height, clouds, tree-phenology (S), and other seasonal factors (6). A model that includes all of these factors is
needed to simulate the albedo. In this study, we present measurements of the albedo above representative forests
in northern Japan. We quantified the seasonal change in the dependence of the albedo on canopy conditions,
solar height, and cloudiness. The results were used to calculate the daily albedo for the snow-free season.
METHODS
The study was conducted at the Hitsujigaoka Experimental Forest in Hokkaido, Northern Japan, latitude 42°N,
longitude 141 °E, and altitude 160-190 m. Measurements were made in 4 forest stands: spruce (Piceajezoensis),
fir (Abies sacha/inensis), larch (Larix leptolepis), and ash (Fraxinus mandshurica) (Table 1). The first 3 stands
were 24-year-old coniferous plantations in 1997, although larch is a deciduous conifer. The last stand was a
natural, deciduous, broad-leaved forest. The spruce and larch forests were thinned in December 1997. The
vertical thickness of the crown was at least 3 m in the spruce and fir stands, but l.S m or less in the larch. The
spruce, fir, and larch stands were on relatively flat terrain with a slope to the north of 3.5 degrees or less. The ash
stand was in a shallow valley, opening to the north, with a maximum slope of7 degrees.
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Table 1: Descril!tion of forest stands and measurements
No of trees per
Diameter at
Tree height
Forest type
ha
breast height

Spruce
Fir.

Larch
Ash

Stand area

Sensor height

1997/1998

(em)

(m)

(ha)

(m)

2245 I 1496

9

6.4

4.6

12.0

1430

10

7.1

1.3

14.7

1815/1361

13

9.6

2.0

18.7

800

30

20.0

1'.2

22.9

The albedo was measured with upward and downward viewing pyranometers, mounted on a boom extending 2.0
m south from the top of a tower in each stand. The domes of the pyranometers on the towers were cleaned
weekly. Another upward viewing pyranometer, set on the roof of the laboratory, was used to measure the
downward short-wave radiation during the snowfall-season; its dome was kept snow-free with an upward facing
fan and daily cleaning. The downward viewing pyranometer in the ash forest probably measured very local
reflection, since the pyranometer was very close to tree height.
Measurements from days with precipitation more than 2 mm were excluded from the analysis. The albedo (Ad)
was defined as Ad= Su/Sd (Equation (Eq.) 1), where Su and Sd are the upward and downward short-wave
radiation, respectively. The wavelength components of solar radiation depend on cloudiness. Therefore an index
of cloudiness (C) was defined as C = Sd/Sdf (Eq. 2), where Sdfis the downward short-wave radiation in clear
weather calculated using an experimental method (7). Air temperature and humidity were used for this method
(7). Th =cos (90-Sh) (Eq. 3) was used as a parameter of the solar height, where Sh is the solar height in degrees.
To quantify the relationship between the albedo and the solar height, Ad was fitted to Th, using an exponential
function: Ad= ml + m2exp (-m3Th) (Eq. 4). To quantify the relationship between the albedo and cloudiness, the
albedo was linearly fitted to C using Ad= kl + k2C (Eq. 5). In Eqs. 4 and 5, ml, m2, m3, kl, and k2 are
coefficients of fit.
The raw radiation data (10-minute averages) on a clear day in every month were used in the analysis with Eq. 4,
since the albedo depends only on the solar height when the direct component of the short-wave radiation
predominates (8) and since clear days are very rare in winter. The raw data for a cloudy day with a gently diurnal
variation of Ad in every month were used for the analysis with Eq. 5, since Ad on cloudy days depends on C, but
not on Th (8). Th and C were limited above 0.2 in this analysis because gentle topography and inhomogeneous
canopy surface disperse the relation between Ad and Th in very low Th (low solar height). For the snow-cover
season, data with a snow-free canopy on a few fine days were also used to fit Ad-Th (Eq. 4) and those on cloudy
days to fit Ad-C (Eq. 5).
We reproduced the daily albedo time-series by first determining a yearly time-series for the daily values of the
coefficients in Eqs. 4 and 5 using linear interpolation. Then, we calculated the albedo using Eq. 4 if C > 0.9 or
Eq.5ifCS0.9.
RESULTS

The albedo was high, and had large and rapid fluctuations during the snow-cover season for all of the stands (Fig.
1). The albedo frequently exceeded 0.3 in the spruce, the fir, and the ash stands. In the larch stand, the winter
albedo became greater after thinning than before thinning. In the snow-free season, the albedo ranged between
0.09 and 0.18 for all of the stands, and varied much gently than that in the snow-cover season.
The albedo of the spruce, larch, and ash stands begins to increase in mid-May, late April, and late May,
respectively (Fig. 2). Each beginning of increase in the albedo agrees with the beginning of foliating. In the
spring, the albedo increases at the greatest rate in the larch forest. New foliating leaves of larch are brightly
green. The first peak in the albedo occurs from late May to early June for the larch stand and in mid-June for the
ash. In the spruce stand, however, the albedo is high from May to August, and there is no clear peak. In July and
August, the albedo tends to decrease in all of the forests . In October, the albedo increases again in the larch and
ash stands.
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Figure I. An overview of the yea rly variation in albedo.
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97/10/18

date (year.month.day)
Figure 2. Variation in albedo during the snow-free season. The equations shown in Figure 4 were used
for the calculations.

After thinning, the albedo of the spruce forest decreased during the snow-free season from mid-May to October
(Fig. 3). The average albedo between April and September was 0.124 before thinning and 0.105 after thinning.
There was no significant difference in the albedo of the larch forest between before and after thinning, except for
in the autumn and in the snow-cover season. The albedo of the larch forest in October was higher in 1997, when
the leaves were bright yellow, than it was in 1998, when the weather was unusually warm and the leaves were
still green.
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Figure 3. Albedo before and after thinning.

The curve plots of albedo versus Th were higher in the foliating stage from May to July than in the defoliating
stage from September to November (Fig. 4). The exception was the larch forest, where the albedo with low Th
was highest in the yellow-leaf stage, both in October-November 1997 and November 1998 (not shown). The
root-square mean error (RSME) for the fitting curve to Eq. 4 was Jess than 0.005. The line plots of the albedo
against C were higher offsets and had negative slopes in May and June. The line plots were lowest in the
defoliated condition (at least in November and April). However, the annual changes in the lines are complicated.
The lines have a statistical uncertainty since the raw data were widely scattered around the lines and since the
RSME of the lines for Eq. 5 was greater than 0.01. During the snow-cover season, there were no monthly
differences in the curves fitting Eqs. 4 and 5.
The calculation of the daily albedo using Eqs. 4 and 5 with each month's parameters approximated the
measurements in the snow-free season (Fig. 2). However, the albedo in the larch in late October was
underestimated. When the parameters for Eqs. 4 and 5 were fixed in April 1997, the calculation did not show a
seasonal variation in the albedo, and did not reproduce the observations.
DISCUSSION AND CONCLUDING REMARKS

The albedo above the forest is clearly highest and fluctuates largely from day-to-day in the snow-cover season
through the year, especially in evergreen coniferous forests (spruce and fir). This high and fluctuating albedo in
evergreen coniferous forests is because of increase and decrease of snow-cover on canopy. For the ash stands, the
high albedo in the snow -cover season can be attributed to the high albedo of snow surface on the forest floor: Th
snow surface albedo varies largely between 0.4 in old snow and 0.9 in fresh snow. In the larch forest, the albedo
in the snow-cover season increase after thinning. The larch canopy can intercept snow although it is deciduous.
The reflection from the forest floor might attribute to the increase of the albedo after thinning. For modeling the
albedo of forest land in snow-cover season, it is necessary to estimate the canopy-snow formation and the change
in quality of forest floor snow-surface from meteorology and forest conditions.
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Figure 4. Albedo versus solar height (Th) and albedo versus cloudiness (C) during the snow-free
season. All the variables used to fit the curves are instantaneous 10-minute averages.

The albedo in the snow-free season is discussed below. A decrease in the albedo of the spruce forest after
thinning, in agreement with a previous report (9), can be attributed to increased multi-directional scatter of direct
radiation following thinning because the spruce canopy is relatively thick. On the other hand, the albedo of the
larch forest does not change after thinning because the canopy is thinner in larch forest. In the larch forest,
thinning might increase the multi-directional scattering to some extent, while the thinning might increases the
reflection from the forest floor. The scattering decreases the albedo, while the reflection from the floor increases
it. The balance between these two mechanisms might results in no changes in the albedo of the larch before and
after thinning.
The relationship between the albedo, solar height, and cloudiness during the snow-free season changed
seasonally. We confirmed that the albedo depends only on the solar height when the direct component of short·
wave radiation is dominant (8) and that during cloudy conditions the albedo was related to C, but not dependent
on Th. The change in the dependence of albedo on both solar height and cloudiness is associated with changes in
the quantity and quality of canopy leaves. The simulation using the seasonal variation in the dependence of
albedo on both solar height and cloudiness confirms that the quantity and quality of canopy-leaves plays an
important role in the seasonal variation in the daily albedo above temperate forests with a dense canopy during
the snow-free season. This experimental model is not applicable to other types of forests. To develop a model, it
is needed that how the parameters in Eqs. 4 and 5 depend on meteorology and tree-phenology. In the future, a
multi-dimensional and multi-spectral optical model combined with the optical properties of leaves and canopy
structures is needed to determine the seasonal changes in the dependence of the albedo on both solar height and
wave-length distribution.
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TRANSPIRATION OF SASA BAMBOO ( SASA SENANENSIS) BOTH IN OPEN
AND IN FORESTED SITES IN HOKKAIDO, NORTHERN JAPAN
K. Kitamura, Y. Nakai, T. Sakamoto, T. Terajima and T. Shirai
Hokkaido Research Center, Forestry and Forest Products Research Institute, Sapporo 062-8516, Japan

ABSTRACT
In order to estimate the transpiration rate and to survey transpiration properties in open and forested Sasa
bamboo communities, the transpiration rates above both Sasa bamboo fields were measured for 7 months in
1998 at the Hitsujigaoka Experimental Forest, Sapporo, northern Japan. The transpiration rates of the Sasa
bamboo communities were determined as the product of the sap-flow rate per unit leaf area and LAI (leaf area
index). The sap-flow rate was measured using the Stem Heat Balance Method. At the forested site, the Sasa
community had a high transpiration rate before the canopy leafed out in early spring, after which the
transpiration rate remained low. In the open site, the transpiration rate was maximal in the summer, and was
proportional to the global solar radiation. The average daily transpiration rates in the forested and open sites over
the entire observation period were 0.2 and 1.3 mm d· 1, respectively. The maximum daily transpiration rates in the
1
forested and open sites were 1.2 and 3.6 mm d· , respectively. The average daily transpiration rates per unit leaf
area in both the forested and open sites were proportional to the solar radiation, with similar correlation
coefficients.

INTRODUCTION
Sasa bamboo is a perennial, evergreen, graminaceous plant that grows predominantly in tropical and temperate
regions of East Asia. In the cool-temperate zone in northern Japan, Sasa is widely distributed on both forest
floors and open land. Sasa bamboo covers 60% of the land area of Hokkaido ( I). There are three main species of
Sasa in Hokkaido: Sasa senanensis, the major species (2), S. kurilensis, and S. nipponica. Sasa senanensis was
sampled in this study.
It is generally thought that Sasa bamboo severely limits the regeneration of tree seedlings because of the shade
under its cover and the root competition. On the other hand, Sasa contributes to soil conservation on hillsides
because its rhizomes bind soil. The Sasa bamboo community has important influences on the water budget and
heat balance of a watershed because of its wide distribution. Therefore, it is important to document the
transpiration rates and properties of Sasa bamboo communities in open and forested sites.
Lei et al. (3) reported ecophysiological differences in the photosynthetic rates of open and forested sites and
between current and one-year-old shoots in natural stands. They documented that Sasa shoots growing in the
shade had a high photosynthetic rate during the leafless season, while those growing in open sites maintained a
high photosynthetic rate throughout the summer. However, there are few long-term observations on the
transpiration rates and properties of Sasa bamboo communities. In this study, we carried out long-term
observations and documented the seasonal course and properties of transpiration in Sasa bamboo communities in
an open site and a forested site.

METHODS
The study sites were an open and a forested Sasa senanensis bamboo stand located in the Hitsujigaoka
Experimental Forest of Hokkaido Research Center, Forestry and Forest Products Research Institute, Sapporo,
Japan (latitude 42°58'N, longitude 141 °23'E, altitude 160 m). The study period was from late April to early
November 1998.
The open Sasa site was a rectangular 1-ha field covered with S. senanensis, sloping gradually downward to the
northwest. The forested Sasa site was a S. senanensis community in the understory Qf a mature secondary forest
that grew after a forest fire, and was about I km away from the open site. The canopy was about 20 m high and
dominated by Betula platyphy/la var. japonica, Quercus mongo/ica var. grosseserrata, and Populus sieboldii.
The terrain slopes gradually downward to the northeast.
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Meteorological sensors were placed on 4m-high towers at both the open and· forested sites to record
meteorological data. Table 1 shows the factors measured, the measuring heights,. the number of pieces of
equipment used, and the Sasa bamboo community height in the open and forested sites.

Table 1: Meteorological data recorded, measuring height, the number of pieces of equipment used, and
the height of the Sasa bamboo

Open site

Forested site

Net radiation

395 em

400cm

Downward solar radiation

385 em

385 em

Upward solar radiation

375 em

Not recorded

Soil heat storage change

-3 em (below the surface)

-3 em

Dry- and wet-bulb temperatures

185 and 290 em

275cm

Wind speed

280.cm

265 em

Sap-flow

2·probes

2 probes

2 lysimeters

2 lysimeters

about-160 em

about 160 em

(Stem Heat Balance. Method)
Evaporation from the ground
(Manual weighing lysimeter)

Sasa.community height

The transpiration rate from the Sasa bamboo communities was determined using:
T = C '!' LAI * (TO./ LAO)

(1)

Where, T is the transpiration rate from a Sasa bamboo community (mm h' 1). C is a coefficient for converting
sap-flow rate to transpiration rate. LAI is the leaf area index. TO is the average of two sap-flow rates (g h' 1)
measured with a Dynagage sap-flow measuring probe; and LAO is the average leaf area of the two culms
attached to the Dynagage.
A model SGA5 (Dynamax Inc., Houston, TX) sap-flow measuring probe was used in this study. It was based on
the stem heat balance method to measure the sap-flow rate in intact plant (4). The sap-flow measuring probes
were attached to Sasa stems 10 - 30 em above the ground surface at both sites. After each series of sap-flow
measurements was completed, the probes were removed from the plant, and the plant was cut down just above
the ground to measure the leaf area and the cross-section of the stem where the probe was attached.
At each site, the leaf area index was measured 5 times (14 May, 24 Jun., 10 Aug., 29 Sep., and 9 Nov.) during
the study. Interpolation and extrapolation were used to determine the seasonal change in the leaf area index
(LAI). The LAI was determined by multiplying the average area of one leaf by the number of leaves per unit of
ground area. The average area of one leaf was calculated from roughly one hundred leaves at each observation
site.
In addition, the evapotranspiration rate was measured using the Bowen Ratio Heat Balance Method in the open
site Sasa community.
Two manual weighing lysimeters were placed on the ground in both the open and forested sites to roughly
estimate the evaporation rates from the ground in both locations. Each lysimeter consisted of an expanded
polystyrene bowl (inside diameter, 14cm; depth, 6.5cm; volume, 600 mL). The bowls were filled with soil from
the site. The lysimeter was weighed in the morning and evening and the decrease in weight was assumed to
approximate the evaporation rate.
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RESULTS
At the open site Sasa community in 1998, some bamboo shoots started to sprout in early May. The current-year
leaves began to foliate in early June, after which the current year Sasa culms stopped elongating. The currentyear leaves finished foliating in early August. The Sasa community at the forested site had approximately the
same growth pattern.
Canopy trees above the Sasa bamboo community at the forested site started to foliate in late April. The currentyear leaves of the canopy developed in May. Canopy closure occurred in early June. The leaves in the canopy
started to tum red in late September. Canopy trees were defoliated by the middle of November.
Figure 1 shows the seasonal course for the daily average downward solar radiation at the open and forested sites,
the ratio of the solar radiation at the forested site to that at the open site, the daily average transpiration rate per
unit leaf area, the LAI (leaf area index), and the daily transpiration rate.
The solar radiation at the forested site was highest during the leafless period in early spring, and gradually
decreased as the canopy leafed out. After July, the amount of solar radiation penetrating to the forest floor
2
remained at a low level, 50 W m· or less, because of canopy closure (Fig. 1-a).
The ratio of solar radiation at the forested site to that at the open site was about 50% in the leafless season and
gradually decreased as the canopy leafed out. When the canopy was closed, the ratio was about 10% (Fig.l -b).
At the open site, the daily average transpiration rate per unit leaf area changed in phase with the daily average
solar radiation. On the other hand, at the forested site, the daily average transpiration rate per unit leaf area
gradually decreased with the amount of penetrating solar radiation and remained below 0.0 1 mm h" 1 after July
(Fig.l-c).
The LAI increased from spring to summer and gradually decreased in the fall in the open site, while it remained
at a constant level, from 2.2 to 2.3, in the forested site (Fig.l-d).
The daily transpiration rate increased with the LAI from late April to the end of July in the open site. However,
in the forested site, the daily transpiration rate was high in spring before the canopy trees began to foliate and
remained at a constant low level afterwards (Fig. l-d).
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Figure 1: Seasonal course of: (a)
Daily average downward solar
radiation at the open and forested
sites (W m"1); (b) Ratio of solar
radiation at the forested site to that
at the open site; (c) Daily average
transpiration rate per unit leaf
area (mm h-1); (d) LAI {leaf area
index); and (e) Daily transpiration
rate (mm d"1)

Table 2 shows the average and maximum transpiration rates during the study.

Table 2: Average and maximum transpiration rates during the study
Forested site

Open site
1

0.2mmd'1

Average transpiration rate

1.3 mmd'

Maximum transpiration rate

3.6 mm d'1 (in July)

1.2 mm d-1 (in May)

Table 3 shows the evaporation rate determined using lysimeters placed on the ground at the open and forested
sites. At the open site, the evaporation rate from the lysimeters after August was lower than that rate in May and
July, because of Sasa bamboo leaves' shade. At the forested site, the evaporation rate from the lysimeters after
July was lower than that rate in Spring, because of canopy closure.

Table 3: Evaporation rate using manual weighing Jysimeters at each site
May-July
Open site

August-

0.01 - 0.06 mm h'

1

May-June
Forested site

Below 0.02 mm h' 1

July-

Below 0.04 mm h'

1

Below 0.02 rnm h' 1

DISCUSSION
For the open site, the Bowen Ratio and Stem Heat Balance methods were used to measure the evapotranspiration
and transpiration rates above the Sasa bamboo field, respectively.
Figure 2 shows the diurnal course of the latent heat fluxes estimated using the Bowen Ratio Heat Balance
method and the Stem Heat Balance method considering LAI. The diurnal course of the latent heat fluxes
estimated using the two methods was in the same phase. During foliation, the two fluxes differed on 25 June. We
feel that this occurred because transpiration occurs from leaves and also from other parts of the plant, including
the shoots.
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Figure 2: Diurnal course of the latent heat flux (closed circles, estimated using the Bowen ratio heat
balance method; open circles, estimated using the Stem Heat Balance method considering LAI). On 29
May, the current-year leaves began foliating; 25 June was during foliation; foliation ended on the 1
August.
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In order to understand the transpiration of Sasa bamboo, we examined the relationship between the transpiration
rate and meteorological factors. Figure 3 shows the daily average transpiration rates per unit leaf area in the
open and forested sites versus the daily average solar radiation. The relationships between the transpiration rate
and solar radiation were linear, with similar correlation coefficients.
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Figure 3: Relationship between daily average solar radiation and daily average transpiration rate per
unit leaf area

The evapotranspiration rate of a mixed forest with coniferous and broad-leaved species about 20km west of the
study sites was measured at 2.2- 2.7 nun d' 1 from early May to early November in 1987- 1989, using the shorttime period water-budget method (5). The transpiration rate in the open site Sasa community was about 50 % of
the evapotranspiration rate of the mixed forest.
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ABSTRACT
The role of mid-latitude forests in the sequestration of carbon (C) is subject to some debate. Net C02 exchange
can be measured on an annual basis, using eddy covariance technology or from ecological inventories of various
C compartments. Here we present an inter-comparison of annual ( 1998) estimates of C sequestration for a mixed
hardwood forest canopy in the Morgan-Monroe State Forest, Indiana, USA. Eddy covariance estimates are made
from a system at 1.8 times canopy height. For the same time, ecological measures of change in living biomass,
sum of aboveground and below-ground detritus production, and consumption are made. Based on atmospheric
measurements, C sequestration is 237 g C m·2 y" 1, from ecological inventory methods 261.2 g C m·2 / , a
difference of -10%.
INTRODUCTION
Current estimates of C02 exchange between the oceanic, terrestrial and atmospheric C reservoirs, and sources
from anthropogenic combustion, leave a considerable amount ofC (- 1.4 Gt C y" 1) unaccounted for. Mid-latitude
terrestrial ecosystems of the northern hemisphere, and in particular mid-latitude forests, may sequester C at a
higher rate than previously estimated, and thus are a prime candidate for this missing C sink (1). To assess the
role of mid-latitude forests, and other ecosystems more generally, in sequestering C, long-term flux networks
(Euroflux, AmeriFlux coordinated through Fluxnet) measuring surface-atmosphere C0 2 exchanges have been
established. However, the extreme variability of terrestrial ecosystems at a multitude of scales, distinct interannual variability, and uncertainty in some aspects of long-term flux measurements (see discussion in 2), mean
that estimates of C sequestration are virtually unconstrained by reliable benchmark values. Our objective here is
to compare tower-based, micro-meteorological estimates of net C sequestration for one AmeriFlux site, the
Morgan Monroe State Forest (MMSF, Indiana, USA), with those determined from independent ecological
techniques. The aim is to determine the consistency of spatially and temporally integrated estimates of net C
sequestration for one year (1998-99).
METHODS TO MEASURE CARBON SEQUESTRATION BY FOREST ECOSYSTEMS
Net C0 2 exchange can be measured on an annual basis, using eddy covariance technology. This net flux
represents net ecosystem production or exchange (NEP or NEE) (Fig. I), a measure of net C sequestration of
terrestrial ecosystems. NEP captures a host of vegetation and soil processes and feedbacks associated with C
metabolism, including the magnitude of whole system photosynthesis and respiration, and responses of
ecosystems to climate variation and other perturbations.
(I]

NEP =NPP-Rh

where NPP is net primary production, and Rh is heterotrophic respiration (primarily by soil microbes), which
together with the root component (R,.) constitute total soil respiration (R5):

m

~=~+R.-

An alternative approach is the calculation of NEP from inventories of various C compartments and process-level
flux measurements. The following relationship (3) can be used to estimate NEP, in conjunction with Eqn. 1:
NPP = ABiiving + 0,01 +Consumption

[3)

where, ABtiving is the change in living biomass, 0 101 the sum of above-ground (D,) and below-ground detritus
production (Db), and consumption is equated to above-ground leaf herbivory. Estimation of ABtiving relies heavily
upon allometric relationships relating tree biomass with parameters such as diameter at breast height (dbh).
Litterfall and fine root turnover data are necessary to estimate detritus production. Modeled annual soil
respiration rates as well as estimates of the root respiration (R,) component of Rs are necessary to estimate the
last term in Eqn. 1.
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Due to differences in measurement approach, sensor position, and sensor technology, the micro-meteorological
and ecological exchange and inventory measurements refer to different fields-of-view or footprints. To compare
the different measurement classes, the footprint of the atmospheric measurements needs to be spatially consistent
with the location sampled in the ecological inventory. Inherent is the assumption that both estimates have
appropriately sampled the spatial variability of the ecological processes in the sense that they are representative
samples of the exchange processes on the ecosystem scale (4).
While eddy covariance has the capacity to yield annual NEP estimates it can also provide estimates of NEE for
shorter time intervals. There are problems trying to use ecological (bottom-up) approaches at time scales shorter
than the annual cycle. Tree diameter growth from the dendrometer data might be used to predict growth during
the year, but other components needed for the calculation ofNEP will not support a similar temporal resolution.
This is especially true for root growth data which are derived from multi-year observations. Thus intercomparison here is limited to annual estimates of C sequestration only.
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Figure 1 Relation between different methods to observe carbon sequestration.

(Modified from http://www-eosdis.oml.gov/FLUXNET/)

METHODOLOGY
Study Site

Morgan Monroe State Forest (MMSF) is located in South Central Indiana (39 19' N 86 25' W, 275m a.s.l.) (2).
The region is covered primarily by secondary successional broadleaf forests located within the maple-beech to
oak-hickory transition zone of the Eastern Deciduous Forest. Nearly 75% of the total basal area, based on a
survey of all trees, is composed of sugar maple (Acer saccharum), tulip poplar (Liriodendron tulipifera),
sassafras (Sassafras albidum), white oak (Quercus alba), and black oak (Quercus nigra) (Randolph, 1998). The
mean canopy height of the forest is approximately 25-27 m. Most of the selective harvests in the vicinity of the
flux tower took place several decades ago, although one area to the north of the tower was harvested -15 years
ago. In addition to past harvests, recovery from storm damage means that most of the forest is not fully .mature.
The study site is located so that the minimum fetch of essentially uninterrupted forest exceeds 4 km in any
direction, and reaches up to 8 km in the principal wind direction (westerly to southwesterly).
Atmospheric Flux Measurements

Full details of instrumentation and its installation are provided by (2). All components of the radiation balance,
photosynthestically active radiation (PAR) and net all-wave radiation (Q*), were measured at a height of 46 m.
The fluxes of momentum and heat were evaluated directly from a three-dimensional sonic anemometer (I 0 Hz
sampling rate), also located at 46 m. The water vapor and C02 concentrations are measured by pumping sample
air from the sonic anemometer levels to individual closed-path IRGAs inside a shelter at the base of the tower.
Eddy covariance fluxes are then obtained via post-processing (2). These turbulent flux measurements represent
the direct evaluations of the net flux of carbon dioxide <FC02)·
Ecological inventory method

Changes in dbh for 62 trees, located in twenty ISO m2 plots randomly distributed in the expected tower footprint,
were measured bi-weekly during the 1998 growing season (days 86-318) using dendrometers (as designed by 5).
Of the many allometric equations available in the literature, those of (6) were used for MMSF because of the
ecological similarity of the eastern Tennessee site for which they were derived. Changes in bole, branch, and
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large (within 60 em of stump) root biomass were calculated using the post- and pre-growing season dbh values.
Dbh and height are recorded yearly for all trees 2: 7 em dbh within that 3000 m2 area. The growth increments
were scaled to the plot level based on the relative dominance (basal area of sampled trees within each plot I total
basal area of that plot). Dry biomass was converted to C for this and all other components using a mean of 0.46 g
1
C g· biomass, as determined with a Perkin-Elmer CHN analyzer.
In addition to changes in "large" root biomass, the yearly biomass increment of lateral and fine roots located >
60 em from the stump was generated from below-ground inventory data collected across a chronosequence of
nearby forest stands. Fine and coarse roots were sieved from 79 soil pits, each 0.0625 m 2 in area, and excavated
to a depth of lm (or less if bedrock was encountered). Coarse and fine root standing crop (B,cr) was predicted to
increase approximately 7.51 g C m·2 y" 1
2

Brcr = 7.5089* Astand + 379.1

(4]

R = 0.9398
2

where, Astand is stand age. Litterfall was collected at the site in circular mesh baskets, each 0.5 m in area, at 20
locations at 7 different times during 1997. Six of these collections were performed at two-week intervals during
the primary autumn flux. Gross litterfall was separated into leaf, seed, and wood components. The mean leaf and
seed flux from the 20 locations was used. Woody litterfall was assumed to be associated with growth during a
previous year, and tree death is not necessarily congruous with an immediate change in bole, branch, or root C.
The decomposition of large woody debris is accounted for as heterotrophic respiration (see below).
The annual fine root turnover ratio (TRrr = production/standing crop, % y" 1) was estimated using the regression
equation presented for nitrate-dominated hardwood forests in (7), in which nitrogen availability CNavait , kg ha· 1 y"
1
) is the sole independent variable:
2

TRrr= 0.377- 0.0064*Navail + .00014l*Nava/

R = 0.99, P < 0.01

(5]

Based on regional estimates (8), the soils and species composition of the MMSF site, and nitrogen cycling data
1
for comparable sites (8,9) Navait was estimated to be 100 kg ha·' y" , which results in a TRrr value of 1.15. This
ratio is slightly lower than that (1.32) presented by (10) for a tulip poplar and oak-hickory forest in eastern
Tennessee subject to greater seasonality of soil moisture availability.
The standing crop of fine roots (< 2 mm diameter) was measured in three 20 em depth increments (down to 60
em) at l61ocations at MMSF. Fine root density was determined to be 327.3 g C m"2• Eqn. 5 was developed using
a fine root size class of < 3 mm. Therefore, a correction factor was needed to account for fine roots at MMSF
between 2 and 3 mm. Fine root size class data for white oak forests (11), suggests that about 18% of root
biomass in the 0-2 mm size class is present in the biomass of the 2-3 mm root size class. Applying this
adjustment (*l.l8) to the MMSF fine root ~2 mm) density value, gives 386.3 g C m·2• This stock was then
multiplied by the turnover ratio of 1.15.
An alternative below-ground root production estimate can be derived using a soil C budget method (12) to
estimate below-ground C allocation in forests. Assuming forest soil C stocks are in steady state over the shortterm, i.e., C entering the soil yearly is equal to the annual soil loss, then:
[6]

Rh:: Da +Db
Substitution with Eqn. 2 gives:

[7]

Rs - Da :: Db + R,
Assuming that the Rr is one half of Rs ( 13), this equation becomes:
0.5*Rs- D.:: Db

[8]

This budget method requires that fluxes other than litterfall, R5, and below-ground (root) detritus production are
considered to be negligible. These include C in precipitation, dry deposition, leaching, runoff, and erosion. This
method also considers soils to include soil organic matter (SOM) and fine litter on the soil surface. Coarse
woody debris (CWD) on or above the soil is excluded. Hence, CWD inputs to the soil are also excluded. Belowground detritus production is defined as all C transferred from roots and their associated mycorrhizae to the soil,
be it from exudation, sloughing of surface tissues, herbivory, or mortality.
Leaf herbivory (as % of total leaf area) for the 62 sample trees, was estimated through visual observation at full
leaf-out (981l91) and just prior to leaf fall in the autumn (98/282). The autumn herbivory estimates were scaled
to the plot level following the methods described above. In this case, relative leaf mass for the sets of trees
within each plot was calculated, employing equations of (6) relating leaf biomass to dbh. The site-level
herbivory estimate of 6.97 % of total leaf area was multiplied by the leaf litter flux value.
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Total respiration from the soil and forest floor was measured with a Li-Cor LI-6200 analyzer with a portable soil
respiration chamber. Ten PVC rings (10 em diameter and 5 em height) were placed in the soil in a 1 m by 5 m
rectangular pattern in five sample plots [north-facing (2), south-facing (2), broad ridge-top (1)). Four
measurements of C02 flux from the soil are m;ade from each ring during a period of about 2 min between 1000
and 1400 h at approximately three-week intervals during the 1998 growing season. In conjunction, soil
temperature (thermocouple) and moisture (gravimetric) measurements were made at 10 em. While temporally
restricted, these measurements provided reasonable spatial coverage of the footprint. The root (autotrophic)
component of the total soil C efflux rate (TScer) was assumed to be 50% (13).
Respiration from the decomposition of large woody debris was not captured in the above sampling, requiring an
2
inventory-based estimation. Dimensions of all coarse woody debris (diameter> 7 em) in the 150m plots were
recorded. Decomposition class, ranging from "freshly-fallen" to "very-decomposed", was noted for every
individual dead branch, stem, or stump lying on the forest floor. Wood density and C content was measured for
each of the four different decomposition classt:s. After calculating total C content, a 10% annual decomposition
rate oflarge woody debris (14) was applied.
Vegetation area index (VAI, consisting of foilage, branches, and boles) was measured periodically at over 30
locations on three transects in southwestern, northwestern, and western direction using a Li-Cor LAI-2000
sensor. Full sky reference was measured at the top of the tower. In addition, weekly observations of phenological
development and (mean) length of leaves (or leaflets, for compound leaves) were recorded for 62 trees with
diameter at breast height (dbh) > 10cm (at 1.4 m; 112 trees total).

RESULTS
Forest phenology
The winter of 1997/98 was unusually mild in this region (mostly attributed to the strong El Nino event during
that period) with the onset of budding visually observed to be about two weeks earlier than usual. This period
was complete by May 22 (98/142), after which V AI remains approximately constant at 4.7 ± 0.5 until 98/217, at
the beginning of August. From that date, and 1through the first half of September, leaf senescence decreased the
VAI to 4.48 ± 0.4. After that date (98/259) th'e foliage began to fall, as indicated by the steepening decrease of
VAI down to its leaf-off value. In 1998, 89% of all bole growth took place in a 72 day period from 98/152-225

NEP from eddy covariance (FC02)
Fig. 2 presents the hourly Fco2 values obtained during the study period. Negative values of Fc02 are directed
towards the forest and signify photosynthetic a'ctivity. Consistent with the rapid development ofLAI in April and
May, daytime negative C02 fluxes show a sharp gradient during this period. While respiration was still dominant
throughout the monthly mean day in April (Fig. 2), with hardly any organized diurnal pattern in the net flux, the
forest had clearly become a net C sink in M!ay (see Fig. 2). Measured daily average respiration rates hover
2
around 1-3 J.UTlOl m' s·1 during most of winter. With warmer temperatures in April, respiration rates increase to
result in a daily mean net exchange of about 5 J.Ullol m'2 s"1, despite the onset of budding and photosynthetic
activity. Peak positive hourly fluxes reach up to 10 J.UllOl m'2 s· 1 during this period (see Fig. 1).

I .. ....

l ' l•t
••

2

i

H

1.11

, •,

•1 .

•; ,

It,

!I U

-----

,.~::;,_-~~----

: ~~ :::~·.:• · -

-1- E~

- - 1u

~F-._-_---..l.,.----:.:..
- -...;..·:.:..:. .;_~:.:;::.:...:
:. :.

i ·'
:.

u•

-

·

•u

•· ..-•

' <\Ia

1998

! tf .

.:c.

'lev,

C»;

1999

Figure 2: Scatter plot of all hourly Fc02 values and the seasonal trend of NEP
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When corrections are applied for poorly developed turbulence at night and missing data, annual NEP for the
1998/99 season is 2.36 t C ha·• y" 1•
Comparison of measured and modelled soil respiration
Two independent models of soil respiration have been developed. The first is based on measured values of F0 02
from the 46 m eddy-covariance system during the periods when the canopy was not fully developed or after leafoff. This method is similar to that suggested by (15) except that they used eddy fluxes corrected for storage
change. Suitable data to compute storage change for the present study are not available over most of the period.
To compensate for this, a criterion that measured friction velocity, U• > 0.5 was applied to ensure well-developed
turbulence and mixing between the sensor level and the soil surface. The data were averaged in bins of 1
width and an exponential function fitted to the bin-averages:

oc

(n = 1111, R 2 = 0.66)

Rs = 1.08 exp(0.064Ts)

[9]

2

where, the fluxes are in j.Ul1ol m· s·• and T, is soil temperature eq. Using the positive measured F002 fluxes in
conjunction with this model, the annual soil respiration was determined as 1110 g C m·2 •
The second model, modified from (16), is based on direct observations of mean soil respiration during the
growing season. The observed rates for 2 minute sampling periods ranged from 14.0 to 1.1 J.Ullol m·2 s·•. The
statistical relation between soil temperature at 10 em depth (Ts, 0 C) and soil water potential (Mobs. MPa) on Rs
(J.Ullol m·2 s·'), follows:
·
Rs = -6.02 * Q((Ts - 20) / IO) * ((Mmax - Mobs) f Mrnax)

(n = 1320, P < 0.001, R2 = 0.26)

[1 0]

where Q is the Q 10 value(= 2.14), and Mrnax is maximum soil water potential(= -2 MPa, a constant). Usin§ this
equation the annual soil respiration was 1018 g m·2 • Again, assuming Rh is one half ofRs (16), Rh:: 509 g m· y" 1•
With data collected from the second method, it is possible to consider spatial variability. Soil respiration is
influenced by both soil temperature and soil moisture. Earlier in the growing season before full canopy closure,
warmer and drier soils were observed on south-facing slopes and ridge tops, but later in the year, local
topography had little influence on either soil temperature or soil moisture.
Ecological Results
The results for the ecological inventory method are summarized in Table 1.

Table 1: R esults from ecological inventory method [g C m·2 / ]

Change in Biomass
Boles &
All
Branches Roots
-22.4
- 181.5

Detritus Production
Leaves
Fine Roots
& Seeds
- 200.8
- 443.0

Consumption
Leaf
Herbivory
- 13.9

Heterotrophic Respiration
Forest Floor Large Woody
and Soil
Debris
+508.9
+91.5

Net Flux

- 261.2

The soil C budget method (Eqn. 8) yields a fine root production value of 308.1 ·g C m·2 y" 1• Subtracting out the
incremental addition of fine root C (7.51 g m· 2 / ; eqn. 4) gives 301.6 g C m·2 y"1• This is considerably (47%)
smaller than the estimate calculated using Eqn. 5. Incorporating the fine root production value calculated using
the budget method yields a net flux of 119.9 g C m·2 y"1.
COMPARISON OF ANNUAL TOTAL CARBON SEQUESTRATION
Based on micrometeoro1ogical measurements, carbon sequestration is 237 g C m·2 y" 1, from ecological inventory
methods 261.2 g C m·2 y" 1• This difference, -10%, suggests some confidence can be placed in both approaches,
despite inherent uncertainties. The eddy covariance data had to be adjusted under poorly developed turbulence at
night and for periods of missing data. In addition, complications due to topography and mesoscale
inhomogeneity are only just being explored. The two largest terms used in the ecological inventory-based
calculation method for an annual net C flux (Table I), fine root production and the heterotrophic component of
forest floor and soil respiration, are both modeled estimates. Both fluxes, temporal root dynamics in particular,
have been targeted for increased sampling effort. As additional data becomes available and sampling
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methodologies are refined, we expect a greater level of confidence in these terms and, possibly, a tighter
correspondence between annual net C flux estimates between methods.
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ABSTRACT
A growth model adapted for an agricultural crop (soybean) is presented. From the mathematical point of view,
the growth process is presented by a particular dynamical system consisting of two ordinary differential
equations. The calculated crop growth curves show remarkable smoothness, although the real growth process is
usually subject to various environmental influences. A characteristic function, the first integral of the system of
equations, is shown to exist, which is in good correspondence with the observed stability of the real growth
process. The important feature of our dynamical system is that the first integral does not depend on the function
(bounded and continuous), describing the external impacts. The model is presented in two forms. Using the first
integral, the system of equations is transformed in a specific form of the Verhulst equation. The function of the
external influences is presented here in a integral form. This model ensures the slow down the growth curves after
the vegetative stage that is usually problem for the using the Verhulst equation in the organism level growth
analysis. In the hypothetical case of absence of external impacts, this model is reduced to the well-known form of
Verhulst equation. The model has been tested using soybean field experimental data that has shown quite
acceptable results. Some preliminary conclusions on the model's abilities are briefly discussed.

INTRODUCTION
The modelling of the biological growth at organism level is a classical problem of mathematical biology.
Different curves, possessing S-like behaviour, typical for biological processes, have been suggested, such as the
relatively simple and well-known curves of Gompertz, Verhulst and others (see ( 1) for a survey). Most of them
are solutions of the respective differential equations using biologically meaningful parameters and are easily
applied to experimental data. The common disadvantage of these approaches is the difficulty in describing the
great diversity of experimental growth curves, resulting from the diverse external conditions, under which the
particular growth process takes place. The on-going searches are aimed at the formulation and formalisation of
adequate biological principles. Thus, the idea of optimality in the growth process has been introduced (2, 3). The
definition of an adequate optimal biological construction is a problem on which intensive work is still going on at
different levels of generality. The classical variational concepts and techniques, known from physics, cannot
adequately explain the strongly diverse behaviour of growth curves under different external conditions. On the
other hand, these curves are characterised by a great degree of stability and smoothness, regardless of the almost
arbitrary character of the external driving conditions during the growth process. In this paper, we favour the
stability of the growth process compared to its optimal feature. According to concepts originating from the
irreversible thermodynamics approach in biological modelling (4), the biomass kinetic equation is supplemented
with an additional equation, describing the generalized force. In models of this type, the biomass time derivative
is assumed to be the biomass flow. This approach has been used in our study.

METHODS
Material and Method
The biomass growth dynamics will be described by the following system of ordinary differential equations:
dy
- ==ayx

dt

dx
dt - axy- f(t),

y(O) ==Yo> 0

[I]
x(O) == x0 > 0

where y stands for the biomass (kg], x stands for the generalized force (kg], a is a positive constant and f(t) is ~
function of time accounting for the external disturbances. At this stage, the biological meaning of the quantity x is
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not clear yet, but its origin could be searched in the genetic program of the organism, which is to be
accomplished during the growth process. System (1) has the following first integral:

t
x(t) + y(t) + Jf(t')dt'
0

=x(O) + y(O) =Const =C

[2]

In order to close the system (1), it is necessary to define the type of the functionf(lj. First, the functionf(lj must
be positive at any stage of the growth period because its influence on the growth process is negative, and second,
the function f(t) has to be zero at some "ideal" (absence of external disturbances for a certain parameter) of the
external driving conditions. In this study, we asswne the following simple form of the external function f{t),
ensuring the above mentioned conditions:
f(t)=

where

F;(t) is the

r•h external

n n

L I. b .. (F.(t)-F. )(F.(t) -F.)

i=lj=i

l,]

I

10

I

function (e.g. mean daily air temperature, soil moisture etc.),

value of the ttJr external parameter,

[3]

]0

F;

0

is the "ideal"

bI,J
. . are empirical constants characterising die degree of dependence between

the growth process and the external parameters for the given species. From Eqs. [1 ] and Eq. [2], the following
relation can be obtained:

dy

t

dt

0

•

- =ay(C- Jf(t'}dt!- y) =ay(C

(t)- y)

[4]

In the case of no external disturbances (f(t)=O for every t or the integral' is zero), system (1) is reduced to
Verhulst growth equation. In this sense, Eq. [4] can be considered as a generalization of Verhulst equation where
the external influence on the organism growth process has been accounted for. Other attempts to generalize
Verhulst equation have also been made, (5):.

dy
- ·= ay(C- y)- f(t)

[.5}

dt

in terms of our notation. But there is at least one disadvantage of Eq. [5]; after a certain moment t, the biomass
becomes negative. An equation similar to Eq. [4] was. proposed by (6) for describing the plant growth. In the
aforementioned approach, the function (t) has the following form:

c·

•

C (t) =C /(1 + rt)

[61

where r is positive or negative constant. However, in the paper (6) the author does not give the biological reason
for the hyperbolic choice of the connection between growth potential and time. Experimental material used for
developing of the model is from a field study in Austria in 1995 (7, 8), three soybean cultivars, namely Ceresia
(maturity group 00), Leopard (00) and Apache (0) were grown on a field (100x200m), which was partially
irrigated. The sowing date was 3"' May, the emergence date l41h May, and physiological maturity occurred on
19th September. A nwnber of meteorological parameters and the soil water content were measured continuously
by an automated agrometeorological station within the field. Besides, the most important plant growth parameters
(e.g. dry matter production) of each cultivar were measured regularly. Some of the experimental data are used in
this study, whereby all meteorological parameters were measured within the non irrigated plot asswning the
differences between the plots to be negligible. Soil water content was measured within the irrigated and non
irrigated plot, respectively. The variation of the driving parameters within the irrigated and non irrigated plots
were considered as negligible. In the calculations for testing the presented model, only these two driving
(external) parameters were used. Table I shows the measurement and computed data.
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Table 1: M easured and computed biomass in kg/ha fr om the 1995 field experiment (Marchfeld, Austria)
Julian
day

Ceres-irr
meas

Ceres-nonir

COm[!.

meas

COmf2.

150
159
171
180
187
194
201
214
234

143
266
292
485
695 1022
1313 1711
2632 2626
3917 3707
5284 4982
7554 7287
9902 10586

122
269
608

245
424
811

254
262

10900 10636
9896 9166

4082

5498

LeO(l.-lr .
meas

COm[!.

L~or2.-nonir

meas COm(l.

A(l.ach--irr
meas

A.{!.ach-nonirr.

COmf2.

meas

COmf2.

138
158 141 124
261
307 295 273
690
858 933 702
1732 1660
2675 2802
4271 421 1
5945 5906
3965 8720 8736 5845 5867
- 11455 11449

119
144
281
235
638
684
1508 1278
2481 2158
2887 3280
4430 4698
7839 7557
1138 11456
2

151
209
718

180
258
594

5399

5372

5615

1073 10684
7

6255

6320

7798

7810 6483 6466

RESULTS
Parameterization
System (1) was solved numerically by the Runge-Kuta method (9). In order to determine the model parameters,
the non-linear fitting procedure of Rosenbrok (10) was used. The calculations were made for each cultivar,
whereby simulation started with sowing date (Julian day 123) and stopped at physiological maturity (Julian day
262). The same parameters, which were calculated from the data of the irrigated plots, were used for the nonirrigated plots. In this sense, the non-irrigated case was used as independent material for evaluation of the
parameters. In Figure 1, the calculated growth curves from are shown. The results are compared with the
measured biomass data for each cultivar and each type of external condition (irrigated and non-irrigated).
In Table 2 x(O) is calculated initial growth potential, y(O)- calculated initial biomass, a- model parameter, buair temperature response factor, b11 - soil moisture response factor, b 12 - mixed response factor (from air
temperature and soil moisture), F 10 - "ideal" values of the air temperature for the given cultivar F 20 - "ideal"
values of the soil moisture for the given cultivar, MSE - Mean Square Error. In Figure 2, the evaluation of the
decreased potential yield caused by the influence of the external disturbances is shown. The time step of
simulation is one day. The calculations were made in the following manner: first, the yield was calculated without
external disturbances (as shown in Figure 2) and the result was represented as the first point of the corresponding
cultivar curve; then the yield with disturbance only for the first day was calculated and the result was represented
as the second point of the corresponding cultivar curve, and so on. The calculations were carried out until the
maximum biomass was reached. The resulting growth curve can be used (according to the model) for evaluation
of the decreasing effect of the external forces for any given moment during the growth period. For example,
we can see that for Leopard cultivar there is a significant decreasing effect in the biomass potential during the
first 20 days. For the Ceresia cultivar, a similar period was observed from 7o·th till 1oo·th day of the growth
period.
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Figure 1: Calculated growth curves for the given cultivars. X - calculated growth potential function, Ycalculated biomass function, F - function of the external influences, points - measured biomass.
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Table 2. The model parameter s resulting from the par ameter ization procedure for t he corresponding
cultivars
Variant

Ceresia-irr.
Ceresia -nonirr.
Leopard -irr.

y(O)
[kglha)

x(O)
[kglha)

a

6.66

32990

1.31

1.36

000

1.12

0.93

30950

0.24

1.40

.000

0.43

bu

bn

bu

Flo

F 2o

[cP 1

[Vol.%]

19.0

21.5

20.7

20.5

Leopard -nonirr.
Apache -irr.

MSE
%
6
6
1
5
1

27450

2.56

0.17

0.46

.000

1.44

21.7

23.3

Apache - nonirr.

3

35000
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Figure 2: Relative daily decrease of the theor etical maximum potential biomass yield of the variants from
the beginning of the growth period caused by the influence function f.

DISCUSSION
On the basis of the comparison with the measured field data, some preliminary conclusions on the characteristics
of the presented model can be made. The great differences in the final biomass for the given cultivars (irrigated,
non-irrigated) attest the flexibility of the model's behaviour. The initial condition for the generalised force y(O)
has the meaning of maximum potential biomass. Precisely, the maximum potential biomass is equal to y(O)+x{O)
whereby it is taken into account that y(O)>>x{O). We wish to emphasise on the great differences between the
potential yields and the real ones. For example, for the irrigated case of the Ceresia cultivar, this difference is
more then three-fold (32990 kglha- theoretical potential yield; 9766 kglha real yield). It is interesting that, in the
irrigated case, the cultivar Apache shows a lower potential biomass but greater real biomass then the other
cultivars, as shown in Figure 2. This shows that a cultivar with a higher potential yield can produce less real
biomass due to the inadequateness of the external media during the growth period. Special attention is paid to the
evaluation of the "ideal" values of mean daily air temperature and soil moisture that are used in the model. With
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respect to air temperature, the "ideal" parameters for the cultivars show values close to the accepted range for
similar genotypes (11,12). In our case, the numerically derived value of the parameter a 12 is very small and can
be neglected. This fact practically ensures the conditionf(t)>O for each t. The parameters of the model can be
divided into two groups - according to the relevant external forces for each cultivar and according to the cultivarinherent parameters. In the first group, the parameters are denoted as bij. Here, air temperature and soil water
content have been _accepted as the most relevant factors during the process of construction of the function f. In
field studies under different conditions (such as soil, climate and management) the bij constants are different and
have to be estimated for each case. It is recommended that the data (especially biomass production) should be
quite different in order to find the most adequate values of the fitting parameters related to the given conditions.
This approach is good enough to test the type of the function fin particular. As it was mentioned above, it is
possible to construct an arbitrary type of the function of the external disturbances, adding not only the external
parameters that have been chosen here but any other parameters the researcher may find appropriate for the
particular location. The second important group of inputs are the initial conditions y (O), x(O) and parameters a,
F ;o ,F 20 • These parameters have to be constant for the different locations and fields.
The presented model is quite simple to use for yield prediction. This fact underlines the model's ability to be
used successfully for different tasks in agroclimatological and agronomic practice. For example, this model can
analyse the potential of new cultivars at different locations. The suggested first integral (constructed from the
function of the external condition, current biomass and the function of the growth potential) for the growth
process reveals another aspect of this work. The appropriate application of the microbiological (organism level)
growth rules (first integrals) to the physiological level can be very useful for the development of up-to-date
complex crop yield models.-
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EVAPOTRANSPIRATION OF A WOODED SLOPE
H. Mayer, J. Fritsch and A. Matzarakis
Meteorological Institute, University ofFreiburg, D-79085 Freiburg Germany

ABSTRACT
Within the framework of the interdisciplinary forest ecosystem project ARINUS, the evapotranspiration of a
NNE slope stocked with mature spruces in the higher parts of the southern Black Forest (Southwest Germany)
was determined by use of various methods in the vegetation periods 1995 and 1996. The results show that the
evapotranspiration at this site was strongly influenced by the available energy and therefore also by the weather
conditions, whereas water was no limiting factor. Highest values of daily evapotranspiration (about 5 mm/d)
occurred during anticyclonical high pressure weather in summer. A comparison of results obtained from different
methods indicates that evapotranspiration determined by the linked methods of energy balance and covariance
and calculated by use of the water balance model WBS3 agreed very well, whereas monthly totals of the
evapotranspiration calculated through the water balance model WHNSIM and the Haude-formula was underestimated by maximally 28 %.

INTRODUCTION
Evapotranspiration of forests has fundamental significance for their energy and water balance, and scenarios for
the estimation of climatic impacts on forests. Therefore, great interest has been shown in the determination of
evapotranspiration of forests with experimental and theoretical approaches. The determination of the evapotranspiration of a wooded slope at the site Schluchsee (Black Forest in Southwest Germany) was a main task of the
interdisciplinary, forestecological project ARINUS ( I, 2).
Forests have the highest specific evapotranspiration rate among all types of land use. This is due to their great net
radiation, their pronounced spatial stand structure, and their high interception. The question 'How much water is
evapotranspirated by a wooded slope in the highlands?' seems to be easy. However, there is no simple answer
because every method for the determination of the evapotranspiration is fraught with specific problems (3, 4).
This short article deals with an answer to the posed question which has resulted from the application of different
methods. Details of this investigation are contained in (5).

METHODS
Various procedures exist for the determination of the evapotranspiration of forests. The comparison of results is
difficult because the methods have different assumptions and are related to different temporal and spatial scales.
The evapotranspiration of the wooded slope (slope aspect: NNE, slope angle: 20 degrees) stocked with 40- to 60year-old spruce trees at the ARINUS-site Schluchsee in the higher Black Forest (47° 49' N, 8° 6' E, about 1150
m asl, mean annual air temperature in the period 1961 to 1990: 5.5 °C, mean annual precipitation in the period
1961 to 1990: 1885 mm) was determined in the vegetation periods 1995 and 1996 by various methods:
(a)

Evapotranspiration E from the linked methods of energy balance and covariance (turbulent fluxes of sensible and latent heat from eddy correlation measurements),
(b) Potential evapotranspiration EHai>Cie after the Haude-fonnula,
(c) Transpiration Txy1 from xylem sap flow measurements at representative trees,
(d) Modelling of evapotranspiration (EwHNS!M) and transpiration (TwHNSJM) by use of the water balance model
WHNSIM(6)
(e) Modelling evapotranspiration (Ew853) and transpiration (Twss3) with the water balance model WBS3 (7).
In order to get a satisfactory closure of the gap in the energy balance, it was necessary to replace the net radiation
in method (a) by the net radiation measured parallel to the surface of the slope. Further details of this investigation concerning more site characteristics, measuring systems and data processing are described in (5).
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RESULTS
The mean Bowen ratio of the measuring site (about 0.3 in both investigation periods, June through October 1995
and 1996) indicates that this site was well supplied with water. Therefore, there was no reduction of evapotranspiration due to a lack of water. The results show that daily totals of evapotranspiration were mainly influenced
by the energy available in the form of net radiation (Figure 1). The effects of air temperature and saturation deficit were not as pronounced as is demonstrated in the comparatively low values of the correlation coefficient r.
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Figure 1: Regressions between daily totals of evapotranspiration E on the one band, and daily totals of the
evapotranspiration equivalent RE of the net radiation as well as daily mean values of saturation deficit
VPmu-VP and air temperature T. on the other band, for the wooded slope at the ARINUS-site Schluchsee
(Southwest Germany) in the period of June to October 1996, r: correlation coefficient

The highest daily totals of evapotranspiration were observed during high pressure weather in summer (about 5
mm/d). Lowest daily totals of evapotranspiration were recorded during weather situations with high cloud cover
and low air temperature. Results for evapotranspiration obtained from varying methods can be compared if their
spatial scales agree. Fritsch (5) has found out in a source analysis that evapotranspiration E derived from the
linked methods of energy balance and covariance is representative for the whole wooded slope at the ARINUSsite Schluchsee. Therefore, E can be included in a comparison of values of evapotranspiration determined
through various methods. The results in Figure 2, which contains cumulative daily totals of evapotranspiration
and transpiration, show:
(a) The water balance model WBS3 was adapted to the site, takes into consideration some forest-hydrological
assumptions, and needs only daily mean values of air temperature and daily totals of precipitation as meteorological input variables. In spite of the simplicity ofWBS3 the values ofE and Ewas3 agree very well in contrast to
EWHNsiM· Therefore, WBS3 is suitatble for the long-term simulation of evapotranspiration at this site.
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Figure 2: Cumulative daily totals of the evapotranspiration of the wooded slope at the ARINUS-site
Schluchsee (Southwest Germany) in the period of June 14 to October 31, 1995 (RE: evapotranspiration
equivalent of the net radiation, E: evapotranspiration obtained from the linked methods of energy balance
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(b) Potential evapotranspiration EHaude. according to the Haude-formula, was about 20 % lower than Eat the
end of both investigation periods. EHaude depends on the saturation deficit at 1400 hours which itself is strongly
influenced by the air temperature T,. As Figure 3 indicates, there is, however, no clear relationship between T,
and net radiation R,. Therefore, the divergence ofE and EHaude (in 1995 from the second half of August) could be
explained by the inadequate consideration ofR0 in the Haude-formula.

(c) The Haude-formula contains a linear relationship between the saturation deficit at 1400 hours and the daily
total of EHaude· The investigations at the ARINUS-site Schluchsee indicate that this relationship is m~re exactly
reproduced by a square relationship. This may be the cause for EWHNstM values being lower than E values, because the model WHNSIM uses E"•* as a meteorological input variable.
(d) Measured values of stand transpiration Txyt were a little lower than the transpiration values obtained from
the models WBS3 and WHNSIM. However, detailed information on the accuracy ofTxyt is missing. In order to
get more information about the transpiration on sunny days in summer, Figure 4 contains daily courses of E and
TXyt as well as RE which is representative for the energetic potential of evapotranspiration. Daily highest values
ofE doubled those ofTxyt at the same weather conditions.
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DISCUSSION
Monthly totals of evapotranspiration and transpiration derived from varying methods are put together in Table 1
for both investigation periods l995 and 1996. The main results are
•
•
•
•
•
•

E was on average 77% ofRE·
E was underestimated by Ewss3 for maximally 4 %.
E was underestimated by EHaude for maximally 28- %.
E was. underestimated by EwHNstM for maximally 28 %.
TXyJ was overestimated by Twas3 for about I3 %.
TXyl was overestimated by TWHNSIM for about 2 %.
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In order to assess these deviations, it should be pointed out that they are nearly in the same magnitude as was
discovered by Bernhofer et al. (3) during the HartX-experiment for the Scots pine stand at the Forest Meteorological Measuring site Hartheim of the Meteorological Institute, University ofFreiburg.

Table !:Monthly totals of evapotranspiration and transpiration determined from various methods, and
monthly totals of precipitation N at the ARNUS-site Schluchsee, Southwest Germany (wooded slope) in
the investigation periods 1995 and 1996
REI)
(mm)

E'l
(mm)

Ewas/ 1
(mm)

EWHNstM 1) EHaude 11
(mm)
(mm)

Twss/
(mm)

June 1995
June 1996
July 1995
July 1996
Aug. 1995
Aug. 1996
Sep. 1995
Sep. 1996
Oct. 1995
Oct. 1996

72
69
137
125
98
95
50
63
43
28

47
47
105
94
75
73
41
48
42
27

51
48
94
90
78
79
44
44
32
20

38
44
80
81
60
59
37
29
26
31

48
41
99
77
61
60
20
30
25
18

32
31
58
56
39
37
16
21
II
6

total 1995
total 1996

400
380

310
289

299
281

241
244

253
226

156
151

1

> always

1

I

11

Txyr
(mm)

N
(mm)

7

27
18
56
35
32
27
13
13
6
2

78
135
91
124
156
139
195
71
48
134

142
128

134
94

568
603

TWHNSIM

)

(mml
26
27
65
52
33
28
7
14

II

14 to 30 June
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IMPACT OF WEATHER ON THE YIELD COMPONENTS OF SPRING BARLEY
COMPARED WITH WINTER RYE
Frank-M. Chmielewski 1
I. Humboldt-University of Berlin, Institute of Plant Sciences, Subdivision of Agricultural Meteorology,
Albrecht-Thaer-Weg 5, D-14195 Berlin, Germany

ABSTRACT
This investi~ation examines the relationships between atmospheric factors and the yield components - crop density (ears m· ), number of kernels per ear and kernel weight - of spring barley and winter rye. The study uses data
of a long-term field experiment at Berlin-Dahlem for the period between 1962 and 1996.
For the yield formation of spring barley the weather conditions in May and June were decisive. The number of
kernels per ear was strongly influenced by weather in May. Humid and cool weather at this time prolonged the
period of spikelet formation and increased thereby the number of spikelets and kernels. Temperatures below
average and humid weather in June contributed to a low reduction of productive tillers and consequently to a
sufficient crop density.
The crop density and kernel number of winter rye were already positively influenced by warm and sunny
weather in autumn. An early beginning of the growing season after winter rest was also important for a satisfactory development of these components. Moderate temperatures till the beginning of shooting prolonged the stage
of spikelet formation and led to an increased number of spikelets and finally to a high number of kernels per ear.
Hot and dry weather periods in May and June did not affect the yield components of winter rye as strong as in
spring barley, because the main periods for spikelet formation and tiller reduction were earlier. The kernel
weight of both crops was negatively influenced by high temperatures and drought after flowering in June and
July. These weather situations clearly reduced the duration of the grain filling period and thus the kernel weight.
INTRODUCTION
The grain yield of cereals \{G) consists of three major components - crop density (number of ears per m 2: DK),
number of kernels per ear (KN ) and kernel weight (Kw in mg) - and can be calculated by the equation

y G = I o·S(De KN Kw).
These yield components are formed during the plant development and pass critical periods of their formation and
reduction, depending on agricultural management and weather (I). The aim of this investigation was to show
how strong and in which stages the yield components of spring barley and winter rye are affected by weather.
Detailed knowledge of these relationships can help to understand better the annual yield variability. Also it will
allow us to evaluate possible impacts of global climate change on the production of cereals in this region.
Barley is the second most important cool temperate cereal in the world after wheat (2) and is an early maturing
crop. For sub-arctic adapted cultivars, the period of growing can be shorter than 80 days (3). In the north-eastern
part of Germany the growing cycle of spring barley takes on average less than four months (for 1962-96: averaged Ill d), from the beginning of April (average date of sowing: 81h April, s= 10 d) to the end of July (average
date of maturity 281h July, s=8 d). Compared to winter rye, a relatively short period of weather influences the
formation and differentiation of the yield characteristics. Winter rye cropping is not as important as barley
cropping, but in Europe it is the third important cool temperate cereal after wheat and barley (4). Mainly on
sandy soils, it is the best adapted crop. The grain is used primarily for the production of bread flour. The growth
period for winter rye, the time from sowing to maturity, is at least 1.5 times longer than for spring barley. In the
north-eastern part of Germany it takes on average 187 days without winter rest (for 1962-96: average date of
sowing: 301h September, s=6 d; average date of maturity 301h July, s=9 d).
DATA AND METHODS
To investigate relationships between atmospheric parameters and crop yield a field experiment must be established in which all factors concerning crop management (soil tillage, fertilization, choice of variety etc.) are
constant, leaving weather as the only variable factor. In order to get statistically significant results at least 30
years of meteorological and agronomic observations are required (5). The agrometeorological field experiment
used for the presented study was established in 1953 by E. Tamm (6) at Berlin-Dahlem (lat.: 52° 28" N, long.;
13° 18" E, alt.: 51 m). The objective ofthis experiment was to collect data needed to model the effects ofatmos253

pheric conditions on growth, development and yield of different crops (7). The agrometeorological field consists
of eight single plots of 214m2 each, arranged around the weather station. Potatoes, winter rye, field beans, oats,
sugar beet, maize, spring barley and yellow lupins are grown on a permanent crop rotation. This means that each
crop is repeated on the same plot after every 8th year. Management from year to year (e.g. crop rotation, mineral
and organic fertilization, plant protection, soil tillage) has remained unchanged since the start of the experiment.
The grain and straw yields were measured beginning in 1953 and other parameters such as yield components
were added in 1962.
The meteorological station is located in the centre of the field experiment on an uncultivated plot. For this study
data of maximum and minimum air temperature (Tx. T 0 ), sunshine duration (S), saturation deficit (D), precipitation (P) and potential evapotranspiration (Ep) by Penman (8) were used from this station for the 1962-1996 period.
According to FAO the soil at Berlin-Dahlem is classified as an albic luvisol. The soil properties, especially in the
subsoil, are very heterogeneous due to different processes of soil movement in the last ice age. The soil is a silty
sand with about 72% sand, 25% silt and 3% clay in the topsoil (0 - 0.30 m). In the deeper layers the clay content
increases to more than I 0%.
The relationships between weather and crop yield are described by factor analysis (9). In the method presented
here, a special transformation as reported in (I 0) was calculated in order to express the influence of weather by
only a single factor. The factor loading is a measure of the influence of the meteorological variable on the crop
yield. Variables with the highest loadings have the greatest influence on the respective yield component. The
loading of the dependent variable, in this case the yield components, characterizes the impact of weather in the
particular stage. An advantage of this method is the possibility to investigate the relationships between weather
and yield in its whole complexity.
RESULTS
GRAIN YIELD AND YIELD COMPONENTS
Among the cereals, winter rye showed the highest yield stability (v=l7.6 %). Also the yield components (ears
m2, kernels per ear, kernel weight) had a smaller variability than those of spring barley (Tab. 1). The good water
supply and moderate temperatures in winter time and early spring are very favourable for the growth and yield
development of winter cereals in general (high rate of tillering, long period of spikelet and floret formation).
Until shooting, the soil moisture content for winter rye was in average 15-20 % higher than for spring barley
(11). Moreover, the winter rye is well adapted to the sandy soil of this site. The highest grain yield for barley
(5.18 t ha' 1) was observed in 1996. Due to a very good water supply from May to July(+ 95.3 mm) and air temperatures below normal(- 1.1 °C) all yield components were well developed. This effect is rare and only possible when the conditions during the whole growth period are optimum and enough assimilates are produced
thereby minimizing intraspecific competition effects.
1

The top grain yield for winter rye (6.04 t ha" ) was observed in 1990. It was the result of a high kernel number
and a crop density above normal. In this year a very early beginning of growing season led to a long period of
tillering as well as spikelet and floret formation and finally to a good development of both components. Crop
failures for barley were observed in the two dry years 1976 and 1992. Whereas in 1976 the crop density and
especially the kernel weight were very low because of the extremely dry and warm weather in June and July, in
1992 all yield components failed. In this year the whole period from April to July was too warm(+ 2.1 °C on
average) and also too dry(- 95 mm).
Table 1: Statistic parameters for the grain yields (Yc in t ha.1) and yield components of spring barley and
2
winter-rye, 1962-96, De: crop density (ear m" ), KN: number of kernels per ear, Kw: kernel weight (mg); s:
standard deviation, v: coefficient of variation(%).
Variety
Yield component
Average
Maximum
Year
Minimum
Year

Spring barley

1966

s
v

115.9
20.6

Winter rye

De

KN

Kw

Ya

De

KN

Kw

Ya

563.1
907

15.0
21.8

41.6
51.1

3.45
5.18

384.6
526

31.1
41.0

36.6
45.6

4.22
6.04

1988

1978

1963

1996

1996

1990

1965

1990

381

8.9

23.4

1.81

292

21.2

28.1

2.82

1988

1976

1976

1975

1969

1992

1962

2.7
18.2

5.5
13.1

0.76
22.2

59.4
15.4

5.0
15.9

3.7
10.1

0.74
17.6

254

In these two extreme years the grain yield of winter rye was only slightly below normal (1976) or average
(1992). For example in 1992 the crop density and number of kernels per ear were well developed, so that a disastrous harvest was not observed. Only the kernel weight was very low. Therefore winter rye is less sensitive to
warm and dry summers than spring cereals. Bad crops for winter rye were observed in 1962 and 1969 due to a
low number of kernels per ear and a crop density below average. The kernel weight did not compensate the
losses of these two important components.

-0.03

-0.19

-o.n-

-0.16

l··n.c~l O.S.S
0.49

0.82

0.66

0.44

Yc., ·1
Figure 2: Correlation between yield components and the grain yield (Yc) for spring barley (left) and winter rye (right), 1962-96. De: crop density (ears m"1), KN: number of kernels per ear, Kw: kernel weight
(mg), DK: kernel density (kernels m'1), Y E: grain yield per ear (g). Correlation coefficients > 0.33 are significant (p<O.OS).

Figure 2 shows the relationships between the grain yield and its components for spring barley and winter rye in
the period from 1962-96. Also the relations between the yield parameters are shown. In the case of spring barley,
positive correlation coefficients were found between the grain yield (Y0 ) and the crop density (De) and the number of kernels per ear (KN), respectively. Kernel weight - which is the strongest genetically determined component - was similarly related. In the case of winter rye the dominant yield component was the number of kernels
per ear. As a consequence low yields in single years were mostly related with a reduced kernel number (e.g. the
years 1962, 1965, 1969, 1980, 1988, 1994). A high crop density was also decisive for maximum rye yields
(mainly 1978, 1990 and 1996). The kernel density (OK: kernels m'2) - the product of De and KN- influenced the
grain yield of both cereals more distinctly than the yield per ear (YE) which is determined by KN and Kw. The
often observed negative correlation between crop density and number of kernels per ear (12) could be confirmed
for spring barley, whereas there was no significant relationship between the other components of spring barley as
well as for winter rye.

INFLUENCE OF WEATHER ON YIELD FORMATION
A) SPRING BARLEY
Tables 2 show the results of factor analysis for the yield components of spring barley. According to expectations
the crop density (De) was modified by atmospheric influences early in the growing season (April). Warm and
sunny, but not so humid weather seems to increase the number of emerged plants, which was important for the
initial number of main stems. No clear relationship existed between the different meteorological parameters and
the development of tillers, which mainly takes place in May (in the period from the start of tillering up to the 2node stage during shooting). However in June high temperatures, a long sunshine duration and especially a high
saturation deficit, which all indicate strong evaporative demand were responsible for a marked reduction in tillers. On the other hand, cool and humid weather conditions led to moderate tiller reductions and contributed to
the development of a large number of productive tillers.
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Table 2: Factor loadings for the crop density (De), number of kernels per ear (KN) and kernel weight (Kw)
of spring barley, 1962-96. Values printed in bold are significant (p<0.05). C is the loading of the yield
component, Vstaae the explained variance in the respective month, Vcom indicates the explained common
variance from April to July. (T1 : maximum and Tn: minimum air temperature, S: sunshine duration, D:
saturation deficit, P: precipitation, Ep: Penman potential evaporation)
De
May June
0.23 . 0.54
0.00 -0.75
0.17 .:.o.$2
-0.26 -0.68
-0.16 -0.75
0.29 0.13
-0.19 -0.73
5.1 29.4
39.8

April
0.33
0.40
0.19
0.52
0.45
-0.28
0.38
11.0

Stage

c
Tx
Tn

s

p
p
Ep
Vstaac
Vcom

KN
July
0.11
0.15
0.15
0.17
0.02
0.05
0.06
1.3

April May
0.27
0.55
-0.16 -0.47
-0.08 -0.20
-0.33 -0.73
-0.33 -0.65
0.17
0.60
-0.41 -0.68
7.3
30.1

Kw

June
0.34
0.02
-0.25
0.28
0.16
-0.40
0.16
11.7
44.3

July
0.21
0.11
0.01
0.17
0.25
-0.35
0.17
4.3

April
0.19
0.16
0.25
0.04
0.09
0.20
0.10
3.7

May
June
1.00
0.25
,0.16 -0.07
-0.19 . 0.12
-0.08
-0.26
-0.15
-0.31
0.01
0.43
-0.01
-0.09
1.0
6.3
23.6

July
0.41
-0.61
-0.64
-0.43
-0.66
0.35
-0.51
16.5

The number of kernels per ear (KN) were influenced by atmospheric conditions mainly in May. Rainy and cool
weather at this time prolonged the period of spikelet formation and thereby increased the number of spikelets and
kernels. On the contrary dry and warm weather conditions and a long sunshine duration (negative loading: 0.73) in May led to a depressed formation of spikelets and flower primordia. However, a relationship between
meteorological parameters and the reduction of spikelets, which mainly happens in June until the stage of heading could not be found.
As expected, the kernel weight (Kw) was not influenced by weather before July. In this time high temperatures
and drought clearly reduce the duration of the grain filling period (13) and thus the kernel weight (negative loading of Tx: -0.61, D: -0.66). On the other hand, humid and not too warm weather prolonged the grain filling period and improved distinctly the kernel size and kernel weight. Very similar results were obtained for oats, although it is more sensitive against drought in May and June than barley (14).
B) WINTER RYE

The results of factor analysis for winter rye are summarized in Tables 3, analogous to the values for barley. In
the case of winter rye phenological stages were used in order to divide the growth period. The meteorological
variables were averaged over these stages.

Table 3: Factor loadings for the crop density (De), number of kernels per ear (KN) and kernel weight (Kw)
of winter rye, 1962-96. Values printed in bold are significant (p<0.05). Cis the loading of the yield component, Vscace: the explained variance in the respective stage, Vcom indicates the explained common variance
from emergency to ripeness. (T.: maximum and Tn: minimum air temperature, S: sunshine duration, D:
saturation deficit, P: precipitation, Ep: Penman potential evaporation). Stages: 1 emergency to end of
growing season, 2 winter rest, 3 beginning of growing season to shooting, 4 shooting to full bloom, 5 full
bloom to yeUow ripeness

KN

De
Stage

c
Tx
Tn

s

D
p

Ep
Vstaae
Vcom

J

0.48
0.66
0.54
0.40
0.59
-0.15
0.27
23.1

2

3

0.43
0.31
0.32
-0.30
0.04
-0.21
-0.56
18.3

0.26
-0.32
-0.24
0.19
-0.36
0.19
-0.03
6.8
44.2

4

5

0.46
-0.57
-0.59
0.49
-0.34
0.27
0.38
21.2

0.32 0.39
0.05 0.55
-0.11 0.43
0.48 0.43
0.13 0.47
-0.05 O.Q3
0.47 0.47
10.2 15.1

J

2
0.30
0.08
0.05
-0.05
-0.09
-0. 17
-0.44
9.1
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3
0.43
-0.43
-0.36
-0.15
-0.40
-0.08
-0.31
18.3
40.1

Kw
4

5

J

2

0.22 0.34 0.34 0.35
-0.12 0.18 -0.19 -0.10
-0.16 0.01 -0.23 -0.11
0.32 0.62 -0.27 0.35
-0.08 0.33 -0.21 0.19
0.29 -0.13 -0.12 0.04
0.16 0.58 -0.29 0.30
5.0 11.6 11.5 12.0

3
0.37
0.34
0.14
0.20
0.44
-0.21
0.27
13.7
59.1

4

5

0.43
0.22
0.29
-0.53
-0.06
0.21
-0.49
18.7

0.61
-0.71
-0.64
-0.21
-0.66
0.27
-0.14
37.3

The crop density (Tab. 3) was already positively affected by wann (Tx: 0.66) and sunny (S: 0.40) weather in
autumn. Basis for a high crop density is a large number of tillers before shooting (correlation coefficient between
maximum number of tillers and crop density in the period 1982-94: r = 0.88). Wann and sunny weather conditions promoted the tillering of plants. Mild winters were also favourable for a large number of tillers, because in
such years the winter break was occasional interrupted and the plant development went on. In contrast sunny and
cold winters with dry air masses from East-Europe which are related to a high potential evaporation (Ep: -0.56)
are not favourable. Severe winters can lead to a reduction of the number of plants. All cold winters (winters with
chilling units more than 290 °C} in the 1962-96 period: 1962/63, 1969170, 1984/85, 1986/87 were related to a
crop density below normal. Mainly an early beginning of the growing season and thereby a longer duration of
the period until shooting encouraged the maximum number of tillers (e.g. 1989, 1990, 1992). In these years the
maximum number of tillers ranged between 1800 and 2600 tillers m·2 (average for the period 1982-94: 1700
tillers m·2). The correlation between the beginning of the growing season and maximum number of tillers was
also significant (r = -0.69; period 1982-94). After the beginning of shooting the reduction of tillers starts. High
temperatures from shooting to full bloom reduced the duration of this stage (r
-0.78) and intensified the process of tiller reduction.
The number of kernels per ear is influenced by weather conditions in the time of spikelet and floret formation
as well as during the flowering period. A high number of spikelets was the basis for a large kernel number (r =
0.63, period 1982-94). The formation of spikelets already starts in autumn. Before winter, warm (Tx: 0.55) and
sunny (S: 0.43) weather also promoted the spikelet formation and so later on the number of kernels per ear. In
the following spring cool temperatures from the beginning of growing season to shooting prolonged the duration
of this period and had a favourable effect on the maximum number spikelets and thus later on the kernel number.
In the shooting stage to full bloom no clear effects of weather on the reduction of spikelets were discernible.
Only the loading of precipitation points to the importance of a sufficient water supply during the length growth.
After flowering the quantity of available assimilates determines the size and weight of grains. Prerequisite for a
high kernel weight is the maintenance of the assimilative leave area. High temperatures and a strong evaporative
demand in the atmosphere led to a reduced gain filling period as well as to an accelerated aging of leaves (15)
and thus to a low kernel weight.

CONCLUSIONS
Altogether the influence of weather on the yield formation of winter rye is weaker than for barley because of the
earlier appearance of developmental stages, their longer duration and the more reliable water supply within the
stages. In contrast to spring cereals a global warming could even have positive effects on the production of productive tillers and number of kernels per ear and thereby on the yield level and yield stability.
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ABSTRACT

With increasing coverage of weather information in the news media in recent years in many countries, there is
also more demand for data that are applicable and useful in everyday life. Both the perception of the thermal
component of weather as well as the appropriate clothing for thermal comfort result from the integral effects of
all meteorological parameters relevant for heat exchange between the body and its environment. In order to take
into account all these factors, it is necessary to use a heat balance model of the human body. The "Physiologically
Equivalent Temperature" (PET) is based on the Munich Energy balance Model for Individuals (MEMI) which
models the thermal condition of the human body in a physiologically relevant way. PET is defined as the air
temperature at which in a typical indoor setting (without wind and solar radiation) the heat budget of the human
body is balanced with the same core and skin temperature as under the complex outdoor conditions to be
assessed. This way PET enables a layperson to compare the integral effects of complex thermal conditions
outdoors with his own experience indoors. On hot summerdays e.g. with direct solar irradiation the PET value
may be more than 20 K higher than the air temperature, on a windy day in winter up to 15 K lower.

INTRODUCTION
In recent years there has been a trend in weather reports of the media to give more applicable information. This
e.g. includes forecasts of pollen counts, indices of UV radiation intensity or information on expected probability
of weather-related symptoms like headaches or cardiocirculatory problems. Perhaps most useful for the
consumers of such weather news would be some advice what kind of clothing to choose before going outdoors.
The best choice in this respect would be clothing most likely to provide thermal comfort. Besides this increasing
demand of biometeorological information in daily weather reports also urban and regional planners intending to
create comfortable microclimates are asking for easily understandable methods for the assessment of the thermal
component of climate.
As early as in 1938, Buttner recognized that for the assessment of the thermal influence of the environment on the
human body the integrated effects of all thermal parameters have to be taken into account. He postulated: "If one
wants to assess the influence of climate on the human organism in the widest sense, it is necessary not only to
evaluate the effects of a single parameter but of all thermal components. This leads us to the necessity of
modelling the human heat balance" (1). In this sense empirical thermal indices like Discomfort Index (2), Wind
Chill Index (3) or similar ones considering only part of the relevant meteorological parameters and not
accounting for thermal physiology have to be regarded as not "state of the art" - yet they are still used very often.
They might be helpful in very specific situations as they can be calculated easily but they have many limitations.
On the basis of Buttner's understanding, since the 1960s heat balance models of the human body have gained
more and more acceptance in the field of assessment of thermal comfort. The basis for all of these models is the .
heat balance equation of the human body [1]:
M + W + R + C + Eo + ERe + Esw + S = 0

[1]

In [ 1] M is the metabolic rate (internal energy production by oxidation of food), W the physical work output, R
the net radiation of the body, C the convective heat flow, E0 the latent heat flow to evaporate water into water
vapour diffusing through the skin (imperceptible perspiration), ERe the sum of heat flows for heating and
humidifying the inspired air, Esw the heat flow due to evaporation of sweat, and S the storage heat flow for
heating or cooling the body mass. The individual terms in [1] have positive signs, if they result in an energy gain
of the body and negative signs in case they mean an energy loss (in this sense M is always positive; W, Eo and
Esw are always negative). The dimension of all heat flows is Watt. The individual heat flows of [1] are affected
directly by the following meteorological parameters:
air temperature:
air humidity:
air velocity:
mean radiant temperature:

C, ERe
Eo, ERe> Esw
C, Esw
R
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The human body does not have any selective sensors for the perception of individual climatic parameters, but can
only register (by thermoreceptors) and consider for thermoregulation the temperatures (and their changes) of the
skin and blood flow passing the hypothalamus. These temperatures, however, are influenced by the integrated
effect of all climatic parameters which on the other hand are in some kind of interrelation, i.e. affecting each
other. In weather situations with little wind, for instance, the mean radiant temperature has roughly the same
importance for the heat balance of the human body as the air temperature. On days with higher air velocities, air
temperature is far more important than the mean radiant temperature because it now dominates the increased
convective heat exchange. These complex interactions are only quantifiable in a realistic way with the help of
heat balance models.
One of the first and still very popular heat balance models is the Comfort Equation by Fanger (4). It was
developed for the calculation of the indices "Predicted Mean Vote" (PMV) and "Predicted Percentage of
Dissatisfied" (PPD), which were thought mainly to help air-conditioning engineers to create a thermally
comfortable indoor climate. After the much more complex outdoor radiation conditions had been taken into
account and parameterized by Jendritzky et al. (5, 6), it has increasingly been applied to outdoor conditions and
now is also known as the "Klima Michel Modell". Since this model was only designed for calculating an integral
index for the thermal component of climate and not for a realistic description of the thermal conditions of the
human body, it could get along without considering fundamental thermophysiological regulatory processes. For
example, in Fanger's approach the mean skin temperature and sweat rate are parameterized as "comfort values"
being only dependent on activity and not on climatic conditions at all.
More universally applicable than the models primarily designed for the calculation of a thermal index like e.g.
PMV are those which enable the prediction of "real values" of thermal quantities of the body, i.e. skin
temperature, core temperature, sweat rate or skin wettedness. For this purpose it is necessary to take into account
all basic thermoregulatory processes like the constriction or dilation of peripheral blood vessels and the
physiological sweat rate (7). Such a thermophysiological heat balance model is the "Munich Energy-Balance
Model for Individuals" (MEMI) (8, 9) which is the basis for the calculation of the Physiological Equivalent
Temperature PET.

METHODS
THE MODEL MEMI
The heat balance model MEMI is based on the energy balance equation of the human body [I] and some of the
parameterizations of the Gagge 2-node model (10). In [1] some terms are dependent on the values of mean
clothing surface temperature, mean skin ~emperature or sweat rate all of which are affected by the ambient
conditions - the physiological sweat rate (basis for the calculation of Esw) in addition is a function of the core
temperature, which depends on both ambient conditions and activity. Therefore in order to solve equation [1] the
three unknown quantities first have to be evaluated, i.e. mean surface temperature of the clothing (Te1), mean skin
temperature (Ts0 and core temperature (Te)· For the quantification of these unknown quantities two more
equations in addition to [I] are necessary. These are the equations describing the heat flows from body core to
skin surface Fcs [2] and from skin surface through the clothing layer to the clothing surface Fsc [3]. They are
parameterized as follows:
[2]
In [2) vb stands for the blood flow from body core to skin (in 1/(s m2 ), dependent on the level of skin and core
temperature), pb for blood density (kg/1) and cb for its specific heat (Ws/(K kg)).
Fsc = ( 1 I let) x ( Tsk - Tet )

[3]

In [3] let is the heat resistance of the clothing (inK m2 I W)
By means of this system of equations [1], [2] and [3] and some thermophysiological parameterizations (details in
[8]) it is possible to calculate for any given combination of climatic parameters, activity and type of clothing the
resulting thermal state of the body characterized by the values of the heat flows, body temperatures and sweat
rate. MEMI therefore presents a basis for the thermophysiologically relevant evaluation of the thermal
component of climate. The most important differences in comparison to the Gagge 2-node model are the way of
calculating the physiological sweat rate (as a function of Tsk and Te) and the seperate calculation of heat flows
from parts of the body surface being covered and uncovered by clothing. In figure 1 the results of a calculation
with MEMI for warm weather conditions with direct solar irradiation are shown as an example. For people not
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being too much into the fields of thermophysiology or biometeorology the expected body temperatures or heat
flows may not be very meaningful. This fact certainly also was one of the reasons why Gagge et al. ( 10)
developed an index, the "New Effective Temperature" (ET*) based on their 2-node model. With ET* the thermal
effects of complex meteorological ambient conditions can be compared to the conditions in a standardized room
with mean radiant temperature not differing from air temperature and constant relative air humidity of 50%.

Heat Balancing (MEMI): Summer

L~

(

\I

'--,

T a= 30 oc, T mrt = 60 oc, RH =50%, v =1.0 m/s, PET= 43 oc

Internal heat production: 258 W

Respiratory heat loss : -27 W

Mean skin temperature: 36.1 oc

lmperceptable Perspiration : -11 W

Body core temperature: 37 .5 oc

Sweat evaporation : -317 W

Skin wettedness: 53%

Convection: -143 W

Water loss: 525 g/h

Net radiation: +240 W

Body Parameters: 1.80 m, 75 kg, 35 years, 0.5 clo, walking (4 km/h)

Fig. 1: Heat balance modelling with the Munich Energy-Balance Model for Individuals (MEMI) for warm
and sunny conditions.

THE PHYSIOLOGICAL EQUIVALENT TEMPERATURE PET
Similar in definition to ET* (I 0), but on the basis of MEMI the "Physiological Equivalent Temperature" (PET)
was introduced ( 11, 12). The definition of PET is:
The "Physiological Equivalent Temperature" (PET) at any given place (outdoors or indoors) is equivalent to the
air temperature at which in a typical indoor setting the heat balance of the human body (work metabolism 80 W
of light activity (added to basic metabolism), heat resistance of clothing 0.9 clo) is maintained with equal core
and skin temperatures as under the conditions being assessed.
The following assumptions are made for the indoor reference climate:
•
•
•

Mean radiant temperature equals air temperature (T mrt = T a)
Air velocity is set to 0.1 rn/s
Water vapour pressure is set to 12 hPa (approx. equivalent to relative humidity of 50% at Ta=20 °C)

The calculation procedure for PET consists of the following steps:
•
•

•

Calculation of the thermal conditions of the body with MEMI for a given combination of meteorological
parameters
Insertion of the calculated values for mean skin temperature and core temperature into the model MEMI; now
solving the equation system (equation [1] and [3]) for air temperature Ta (with v=0.1 rn/s, VP=12 hPa and
T mrt=Ta)
The resulting air temperature is equivalent to PET
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EXAMPLES OF PET APPLICATIONS
In the concrete case of the warm and sunny outdoor conditions described in figure 1 the PET-value would be 43
°C. This means that an occupant of a room with an air temperature of 43 °C reaches the same thermal state as in
the warm and sunny outdoor conditions. If he would only move out of the direct solar irradiation into the shade
this would result in a reduction of PET by 14 K to 29 °C (see also Table 1). The same outdoor air temperatures
thus result in very different thermal strain, which can be quantified very illustratively by the PET-values. Large
differences between air temperature and PET also result in wintertime on days with high wind velocities (see
Table 1).

Table 1: Examples of PET-values for different climate scenarios (Ta =air temperature, Tmrt =mean
radiant temperature, v =air velocity, VP = water vapour pressure).
T,

Typical room
Winter, sunny
Winter, shade
Summer, sunny
Summer, shade

21 oc
-5 oc
-5 oc
30°C
30 °C

T,
21°C
40 °C
-5 oc
60°C
30 °C

v
0.1 rnls
0.5 mls
5.0 mls
1.0 rnls
1.0 rnls

VP
12 hPa
2 hPa
2 hPa
21 hPa
21 hPa

PE T
21 °C
10
-13 °C
43 °C
29°C

oc

The assumption of constant values for clothing and activity at the calculation of PET was made deliberately to
define an index independent on individual bevaviour. On the other hand this does not restrict its applicability
essentially as the variation of clothing and activity - if varied equally outdoor and in the reference indoor climate
- does not lead to relevantly different PET-values. So e.g. with thicker clothing (higher heat resistance) for the
climate to be assessed higher skin and core temperatures are calculated as compared to reference clothing 0.9 clo.
This higher body temperature level, however, does not lead to higher PET-values as also in the reference indoor
climate now this thicker clothing has a similar influence there. In other words at constant PET of say 20°C a
person being clad with 0.9 clo (work met. 80 W) will reach a mean skin temperature of 33.7 °C, a person with
same activity and clad with a coat (2.0 clo) however 34.7 °C.

DISCUSSION
A different way for the calculation of an equivalent or perceived temperature is e.g. the "Gefiihlte Temperatur"
(13) in which different types of clothing for reference and real outdoor climate are assumed. Therefore such
temperatures have a behavioural component (the subject can adjust his/her heat loss by different clothing) and are
no downright climatic indices (only dependent on meteorological parameters) anymore. PET, however, is a real
climatic index describing the thermal environment in a thermophysiologically weighted way.
The use of PET as a single index enables a layperson the assessment of the thermal component of climate on the
basis of personal experience. It is much easier to imagine what it means thermally if the air temperature in a room
reaches 30 °C as if people just learn from the weather report that at clear skies and low wind an air temperature
of 20 oc is expected. In general people then can derive from their own experience which type of clothing would
be suitable for a certain activity, in other words by providing the PET-values they get the information from the
weather people they need to adapt their behaviour. PET, however, cannot be an absolute measure for thermal
comfort or thermal strain, because e.g. somebody would feel very cold at PET = 20 °C when clad only with a
swimming trunk while he would sweat when wearing a coat. In case he is working hard he would assess this PETvalue as "too warm" while this thermal condition at rest might be regarded as "too cool". PET therefore only can
be regarded as the basis for an assessment of the thermal environment which has to be adjusted to the subjective
characteristics in terms of clothing and activity. For this purpose, however, PET is much more advantageous and
universal compared to the traditional thermal indices. Due to its thermophysiological background PET certainly
is more appropriate than other biometeorological indices like Wind-Chill-Temperature (14), Apparent
Temperature (15) or Effective Temperature (16). It can be used both for the assessment of hot and cold
conditions and therefore all year around. People can get familiar with such an index more easily than using
different methods as e.g. done in Canada with Wind Chill Temperatures in wintertime and the HUMIDEX Index
in summertime.
An often stated argument against thermal indices derived from heat balance models like PET is that it is
sometimes impossible to get a complete input data set consisting of air temperature, air humidity, air velocity and
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mean radiant temperature. Certainly the two latter are the main problem. But there are many ways to estimate air
velocity from routine measurements (reduction of values measured at 10 m above ground to the relevant level
where humans stay) or to estimate mean radiant temperature by data of cloud cover, time of the year and type of
surface cover. Anyway even a rough estimation of these two parameters (especially if done by an experienced
meteorologist) will provide better evaluations of the thermal bioclimate than simple indices considering these
parameters not at all.
PET has been applied already e.g. for the assessment of expected changes of the thermal component of urban or
regional climates after projected changes in construction or landuse and is one of the recommended indices in a
new German guideline for urban and regional planners (17). PET also can be used as an additional service in
everyday weather news as done by some weather agencies in Germany already. The latter is helpful especially on
days when expected PET-values differ significantly from air temperature as e.g. in wintertime at high wind
velocities or on calm and clear summerdays. With PET both cold and heat can be assessed with the same index
all year around so there is quite some chance that the public could get used to it as they are already accustomed to
other weather data like precipitation probability. There are certainly other thermal indices which also fulfil the
same presuppositions of considering all relevant meteorological parameters in a thermophysological relevant
way. It would be very helpful if the international community of biometeorologists could start a discussion on
these indices and perhaps could develop a guideline recommending one of these indices for international use like
it has been the case with the now internationally acknowledged UV -index.
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ABSTRACT
The paper presents results of experimental studies dealing with the influence of solar radiation on thermal
physiology in man outdoors. The field experiments were carried out in July 1996 and in July 1997 in Central
Poland. All meteorological elements as well as dry heat exchange and skin temperature on six (in 1996) and four
(in 1997) volunteer young subjects were observed simultaneously. Subjects were exposed to the Sun in a relaxed
standing posture. They wore white, black or grey clothing with insulation of 0.5 or 1 clo. In 1997 24-h heart rate
and blood pressure were recorded as well (during solar exposure, leisure time and sleep). Income of solar
radiation, especially direct Sun beams, involves immediate reactions in skin temperature (Ts~c) and thermal
sensations in subjects. Significant differences in Tsk - up to 4-5°C - were observed when wearing black and white
clothing. However in some subjects T,k was similar under black and white suite. It seems two mechanisms play role
in temperature regulation during solar exposure: intensive sweating and changes in metabolic heat production.
Exposure to the Sun in black clothing significantly influenced diastolic and average blood pressure as well as heart
rate.

INTRODUCTION
Solar radiation is very important factor in human heat balance outdoors. Physically it is kind of electromagnetic
waves with the length of 0.1-4.0 ~m. divided into three ranges: ultraviolet(< 0.4 ~m), day-light (0.4-0.76 ~)
and infrared(> 0.76 ~m). UV radiation has bactericidal properties; it is also response for burning of skin surface.
Day-light radiation is a source of visual and mental impressions in man. Infrared beams involve thermal
responses in subjects. However, field experiments studied those responses were not undertaken frequently (1, 2,
3). The aim of the paper is to present the results of pilot studies dealing with physiological response of
thermoregulatory and circulatory systems in man under exposition to Sun.

METHODS
During two field experiments- carried out in July 1996 and in July 1997 in Central Poland- full complex of
meteorological elements, solar radiation fluxes as well as sky and ground thermal radiation were measured.
Simultaneously, volunteers subjects within the age category of 17-32 years were examined. Subjects were exposed
facing to the Sun in standing relaxed posture. In 1996 they wore grey cotton clothing with insulation of 1 clo
(briefs, T-shirt, track-suit, sandals) and in 1997 they used black or white suits with insulation of 0.5 clo (briefs, Tshirt, long-sleeves trousers, sandals).
In 1996 absorbed solar radiation, skin temperature and thermal sensations in six subjects (3 male and 3 female) were
observed during 120 min solar exposure. In 1997 four subjects (1 male and 3 female) were examined. In every run
two subjects were exposed simultaneously for 130 min: one wore white and the second white clothing. After one
hour of exposition they have changed clothing from white to black or vice versa. Every subject was exposed to the
Sun two times, ones starting from the black and next - from the white clothing, always at the same time of the day
(morning or midday hours). One shadow exposition was performed as well.
Absorbed solar radiation and skin temperature on forehead, chest, back, forearm, palm, thigh, lower leg and foot
were registered as one minute average. Mean skin temperature (T,J was calculated with the use of modified HardyDubois formula:

T'* = 0.07 TrO<ehcod + 0.05 Thalld+ 0.14 Troreann+ 0.35 (Tcl1esl + Tbo<:t)+ 0.19 Tlhi&h+ 0.13 T1ower1eg+ 0.07 Troot

The same equation was also used for the calculations of mean values of absorbed solar radiation (R). Absorbed solar
radiation was extracted from dry heat flux (2) taking into account constant values of work load (25 W m"2) and
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individual Basal Metabolic Rate which was mea.Sured for each subject in standard, thennoneutral conditions. Tsk and
R values were correlated with global solar radiation intensity (K81ob) during exposition in the Sun and in the shadow.
In 1997 24-h heart rate (HR) and blood pressure (BP) were recorded (during experiment, leisure time and sleep)
using Medilog (Oxford) device. Measurements were carried out automatically, every five minute during experiment,
every half hour during leisure time and every hour during sleep. Mean systolic (BPS), diastolic (BPD) and average
(A VG) blood pressure as well as heart rate (HR) for exposition in white, black and in the shadow as well as for 24-h
(OVER) and night (NIGHT) were calculated. Differences in BP and HR in each subject and in whole group during
exposition in white, black and in shadow were analysed using t-Student and Mann-Whitney tests. The relation
between physiological indices (BP, HR, Ts0 and parameters referring to exposition to Sun (Kgtob> R) was analysed
using multiple linear regression.
RESULTS

We have observed immediate response of skin temperature, absorbed solar radiation and thennal sensations in
subjects on the fluctuations in solar radiation income associated with the state of Sun's disc. During the weather
with moderate cumulus clouds cover - which is very typical for temperate climatic zones - the Kgtob and also
physiological parameters in man (Ts~o Rand thennal sensations) varied very frequently accordingly to the changes
in insolation. At cloudy periods all measured parameters were smaller in comparison to sunny conditions: Kgtob of
300-500 W m·2, R of 50-100 W m·2, and Tsk of 2-4°C. Thennal sensations have also changed of 1-2 classes (Fig.
1). The results point to great load of thennoregulatory system in subjects which must adapt several times for the
changes of ambient conditions during the solar exposition.
We have also observed significant differences in absorbed solar radiation and skin temperature in subjects when
wearing clothing of various colour (1997'experiment). Two types of reaction on solar exposition were noticed. At
two subjects significant differences in absorbed solar radiation and skin temperature under black and white textiles
were observed. R values were 50-100 W m·2 higher under black then under white clothing. Tsk depended on global
solar radiation intensity. At low Kglob it was higher under black and at high K8 /ob - under white clothing (subject 3
on Fig. 2). However, at two subjects there were not observed any significant differences in Tsk and also R values
when wearing white and black clothing (subject 4 on Fig. 2). Both, absorbed solar radiation and skin temperature
increased slightly according to the rise in global solar radiation intensity. When analysing Tsk for the whole group, it
was found that its values were significantly higher when the subjects were exposed to sunshine in black clothes
(Table 1).
We have observed significant differences when comparing responses in Tsk and R in subjects exposed to the Sun
and in the shadow in black clothing. Under sunny conditions Rand Tsk responded for solar exposition in the way
typical for both group of subjects (see Fig. 2). However, during exposition for diffuse radiation in the shadow Tsk
and R responses in both subjects were similar each other (Fig. 3).
In all subjects systolic and diastolic blood pressure during exposition to the Sun were lower than in the shadow and
heart rate was higher. When comparing individual physiological reactions to sunshine we have found that systolic
blood pressure did not depend on the clothing colour (systolic blood pressure was lower in two subjects wearing
white clothes and in two wearing black ones). Heart rate in subjects wearing white clothes was lower in three cases,
while in one it was higher (Table 1). On the other hand, BPD and AVG in all subjects wearing white clothes were
higher in comparison with black clothes, however all differences were statistically insignificant.
Table 2 gives the results of the analysis of the relationship between particular physiological parameters (BPS, BPD,
AVG, HR) and the intensity of solar radiation (K8 /ob) and absorbed solar radiation (R). In subjects wearing white
clothes, the circadian parameters were significantly correlated only in two cases: HR vs. K8/ob and BPD vs. R.
However, In subjects wearing black clothing the correlation was statistically significant for almost all observed
parameters except systolic blood pressure.
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Table 1: Physiological indices in subjects wearing white and black clothing during sunny exposition,
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Central Poland, July 1997
Subject
1
(female)
2
(female)
3
(male)
4
(female)
whole
group

-

Colour
white
black
white
black
white
black
white
black
white
black

BPS
96.5 ± 7.8
99.9 ± 8.7
110.6 ± 16.9
106.1 ± 8.1
105.2 ± 8.4
101.2 ±4.8
108.1 ± 5.4
110.3 ± 6.1
105.1 ± 11.9
104.6 ± 8.15

BPD
64.7 ±4.6
61.5 ± 5.2
75.4 ± 8.8
72.4 ± 11.4
73.2± 6.5
72.2±5.2
63.4 ±5.4
61.1 ± 5.7
69.0±8.3
66.8 ± 8.9

subject 2-sunny

--subject 2-shadow

• • • · subject 1-sunny

. - ·-- •. subject 1-shadow

38

AVG
75.0±4.5
73.9 ±4.8
86.9 ± 8.4
83.3 ± 7.4
83.4± 6.2
81.6 ± 4.5
78.0± 3.7
77.1 ±4.8
80.7 ±7.6
79.1 ±6.5

HR
93.4± 13.9
95.2±7.9
100.0 ± 11.3
102.0± 13.7
89.3 ±7.0
90.1 ± 12.5
98.4 ± 13.0
94.2 ± 11.6
95.6± 12.3
95.2 ± 12.3

Tsk
35.7 ± 1.0
35.5 ± 1.2
35.4 ± 1.2
36.3 ± 1.4
35.6 ± 1.5
36.5 ±0.9
35.4 ±0.4
35.5 ±0.5
35.5 ± 1.1
35.9 ± 1.1
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Figure 3: Relationships between intensity of global solar radiation (K1w) and skin temperature (Tsk) as
well as absorbed solar radiation (R) in two subjects with different physiological response to solar and
shadow exposition when wearing black clothing, Central Poland, July 1997

Table 2: Relationships between physiological indices and intensity of (K1, ) as well as (R) in subjects wearing
white and black clothing, Central Poland, July 1997 (significant relationships are shadowed)
relationship

BPSvs. R
BPDvs.R
AVGvs.R
HRvs.R
BPSvs.K
BPDvs.K
AVGvs.K,...
HRvs.K..,

white clothing
correlation
probability
coefficient
0.526
0.074
·o:248
·0.031
0.214
0.063
0.195
0.091
-0.038
0.745
-0.105
0.366
0.394
-0.098
0.0004
0.391
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black clothing
correlation coefficient
probability
-0.0004
0.401
0.365
0.288
0.124
0.231
0.276
0.238

0.997
0.0005
0.002
0.015
0.277
0.041
0.014
0.014

DISCUSSION

The biggest absorption of solar radiation in man was observed at K81ob of about 700 W m'2 which is associated with
solar geometry. During Summer, sunny days in Central Poland such intensity of global radiation occurs at Sun
altitude (h) of about 30°. Similar h climax (25-30°) was also observed on various models of the human body:
vertical cylinder (4), ellipsoid (5) and mannequin (3).
As it was expected the colour of clothing has influenced both, Tsk and R. Almost the same T,k values under black and
white clothing, as noticed at two subjects, were also observed by M. Kato et al (6). It seems that it can be explained
by individual, immediate decrease in metabolic heat production which lead to reduction of additional heat income
from the Sun under black clothing. However, this hypothesis must be verified in further studies when temporary
changes in metabolism during exposition to the Sun will be controlled. Significant decrease of T,k at subject 2 and 3
in high K81ob refers to intensive stimulation of sweat glands by heat absorbed from the solar radiation under black
clothing and then to skin cooling by evaporation (2, 7).
Preliminary results of circulatory response on solar exposition point to statistically significant relationships between
some parameters (BPD, A VG, HR) and intensity of global and absorbed solar radiation when wearing black clothing.
However, relationships observed are rather weak and still further studies dealing with the influence of exposition to
solar radiation on circulatory responses in subjects seem to be necessary. We hope more experimental data allow to
find significant differences in BPS, BPD and HR between black and white clothing.
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ESTIMATION AND CALCULATION OF THE MEAN RADIANT TEMPERATURE
WITHIN URBAN STRUCTURES
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ABSTRACT
The mean radiant temperature T mn is the meteorological parameter which most affects the human energy balance
and, therefore, thermophysiologically significant indices like PET or PMV during sunny conditions in summer.
Methods of determination ofTmn are discussed in this paper. The application of the RayMan-model for that purpose is included. The short- and long-wave radiation fluxes, which are relevant to the human energy balance
within urban structures, can be calculated by use of the RayMan-model. The effects of clouds are considered. The
way how T mn can be determined on the basis of results of model calculations is presented.
INTRODUCTION
The mean radiant temperature T mn is the most important meteorological input parameter for the human energy
balance during sunny weather in summer. Therefore, T mn has the strongest influence on thermophysiologically
significant indexes like PET (Physiological Equivalent Temperature) or PMV (Predicted Mean Vote) which are
derived from models for the human energy balance (1, 2).
Tmn is defined as ,the uniform temperature of a surrounding surface giving of blackbody radiation (emission
coefficient E = 1) which results in the same radiation energy gain of a human body as the prevailing radiation
fluxes which are usually very varied under open space conditions". T mn can be either obtained by direct measurement of all relevant radiation fluxes or by calculations of the short-wave and long-wave radiation fluxes ( 1, 2).
The objective of this paper is to present a simple method on how to calculate Tmn·
CALCULATION OF Tmrt
To calculate T mn. the relevant properties and dimensions of the radiating surfaces and the sky view factor as well
as the posture of the human body (e.g. seated or standing) must be known. The entire surroundings of the human
body are divided into n thermal surfaces with the temperatures Ti (i = 1, n) and emission coefficients Ei> to which
the solid angle proportions (,angle factors") Fi are to be allocated as weighting factors. Long-wave radiation (~
4
4
Ei * cr * Tsi , with cr the Stefan-Boltzmann constant (5.67 * 10 -a W/m2K ) and Tsi the temperature of the ith surface), diffuse short-wave radiation Di are emitted from each of the n surfaces of the surroundings. This results in
a value forT mn as (see details in (3)):

=

[1]

Ep is the emission coefficient of the human body (standard value 0.97). Di is the total of diffuse solar radiation
and diffusely reflected global radiation. ak is the absorption coefficient of the irradiated body surface for shortwave radiation (standard value 0.7).
T mn is replaced by T• mn. if there is also direct solar radiation (3):

T~, = [T~,t

+

JP *a* * __I_·__lo.2s

[2]

(EP*a)
( is the radiation intensity of the sun on a surface perpendicular to the incident radiation direction and the surface
projection factor fp is a function of the incident radiation direction and the body posture. For practical application
in human-biometeorology, is it generally sufficient to determine fp for a rotationally symmetric person standing
up or walking. fp ranges from 0.308 for oo of the angle of the solar altitude and 0.082 for 90° (4).
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The problems associated with detennining the angle factors Fi are discussed in detail in (3, 4, 5, 6, 7) In the case
of large flat surfaces without any restrictions of the horizon, the problem of detennining F 1 is reduced to an upper
and a lower hemisphere with angle factors of 0.5 for both situations.
DETERMINATION OF Tmrt BY USE OF AN INTEGRAL MEASURING PROCEDURE
Several procedures which can be used to detennine T mn by means of integral radiation measurements are known
from the technical literature (e.g.5). A simple procedure which can be applied by use of a pyranometer and a
pyrgeometer, which are standard meteorological measuring instruments, is presented below (6). The·pyranometer
is used to measure the short-wave radiation fluxes from the whole surroundings, while all long-wave radiation
fluxes can be recorded with the pyrgeometer. A radiation measuring system was constructed with the pyranometer at one side and the pyrgeometer at the opposite side. This system can rotate around a vertical and a horizontal
axis. Therefore, the short- and long-wave radiation fluxes from all directions can be measured which give information of the three-dimensional short- and long-wave radiation field affecting human beings. In practice, shortand long-wave radiation fluxes from the four cardinal points as well as from the upper and lower hemisphere are
measured. The measurement height is 1.1 m above the ground, which corresponds approximately to the level of
the centre of gravity of a standing person in Central Europe (I, 2).
In order to calculate the radiant fluxes on the surface of a standing or seated person from the six individual measurements of the short- and long-wave radiation fluxes, they have to be multiplied by weighting factors W; (i=l, 6)
which can be derived from the projection factors fp (3). The weighting factors W ; for a (rotationally symmetric)
standing or walking person are (8):
radiation fluxes from the east, south, west and north direction: 0.22 in each case
radiation fluxes from above and below: 0.06 in each case
The mean radiation flux density S~~r of the human body can be calculated as follows (6):
6

6

i=l

i=l

S,, =at *LK; * ~ +a1 *LL; * ~

[3]

with K; being he short-wave and L; being the long-wave radiation fluxes. ak and a1 are the absorption coefficients
for short-wave and long-wave radiation. Following from its definition, T mrt (in oq can be calculated from the
Stefan-Boltzmann radiation law:

[4]
For a standing man the radiation fluxes from the cardinal points are more important than the upward and downward radiation fluxes. An answer to the question how Tmn is influenced by the selected positions for the radiation
fluxes is given in Figure 1 which illustrates the T mn-differences induced by a addition 45 ° rotation of the measurement systems round the vertical axis. The results show no differences in the absence of short-wave radiation
and no significant difference during the day when short-wave radiation is present (9 and 10).
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Figure 1:
Differences of mean radiant temperature aTmrt in the human-biometeorologically significant height of 1.1 m above ground for the measurement of the radiation fluxes from the four cardinal
points and from the points rotated by 45 o from those (three urban structures in Freiburg, Southwest
Germany, on a sununer day (9)

MODELLING THE RADIATION FLUXES BY THE MODEL RAYMAN
In the procedure explained in detail in (4 and 6), the radiation fluxes are calculated by model approaches which
include air temperature and air humidity, degree of cloud cover, air transparency and time of the day of the year.
The albedo of the surrounding surfaces and their solid angle proportions must also be specified. The radiation
fluxes from meteorological and astronomical data are often calculated by use of well-known formulas. The major
problem associated with this method for application in urban and regional planning lies in quantifying the shading of direct and diffuse radiation by building structures. Fisheye-photos are one experimental possibility for
determining the sky view factor.
The model RayMan which is presented here is well-suited for the calculation of the radiation fluxes especially
within urban structures, because it takes into consideration various complex horizons. Working with RayMan at a
PC, an input window for urban structures (buildings, deciduous and coniferous trees) (Fig. 2, left) and the possibility of free drawing and output of the horizon (natural or non-natural) are included (Fig. 2, right) for the estimation of the sky view factors. Fig. 2 (right) shows the sky view factors for an urban area in Freiburg and the sun
paths for the 19. July 1999, a day where measurements have been done for comparison reason with the calculated
results with RayMan. The amount of clouds covering the sky can also be included by free drawing while their
impact on the radiation fluxes can also be estimated. In the field of urban climatology and human-biometeorology
the most important question is, if the object of interest is in shadow or not. Hence in the presented model the
shadow by urban and natural obstacles is included.
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Figure 3 shows a comparison of measured and estimated data from Rayman for the 2. July 1999 in Freiburg, a
sunny day with no clouds, where the differences between the calculated and the measured results for the global
radiation on the top of a 51 m building are not big.
The final result of the model is the calculation of the mean radiation temperature in urban areas (Fig. 4) which is
required for the energy balance model for humans for the assessment of urban bioclimate. The model is developed according to the German VDI-Guideline 3786, Part 2 "Methods for the human-biometeorological evaluation of climate and air quality for urban and regional planning at regional level, Part 1: Climate" (3).
Fig. 4 shows a comparison measured parameters for the 19. July 1999 with computed parameters for the same
day by RayMan. The values between the measured and calculated surface temperatures and mean radiant temperatures vary but this is an effect of the complex radiation fluxes like the multiple short wave radiation reflexion
that were not included at that time in Rayman. Also the additional long wave radiation from vertical orientated
surfaces and the complex situation of shadow in urban areas that is not correctly represented in RayMan yet produces differences in the results between measurements and calculations.
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Figure 3: Output of measured global radiation and computed global radiation computed by Rayman for
the 2nd. July 1999 in Freiburg
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CONCLUSIONS
For the evaluation of the thermal component of urban and regional climate precise and high resolution radiation
data from the whole surrounding is necessary. This data can be either measured or calculated by use of a suitable
radiation model. RayMan is one such model. Another advantage of RayMAN is that it is available for general
use.
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AN OUTDOOR THERMAL COMFORT INDEX (OUT-SET*)
-PART I -THE MODEL AND ITS ASSUMYfiONS
J.Pickup and R. de Dear
Division of Environmental and Life Sciences, Macquarie University, Sydney, NSW 2109 Australia

ABSTRACT
This paper describes the adaptation of a well-known indoor thermal comfort index, the Standard Effective
Temperature (SET*), to outdoor situations. The OUT_SET* index can provide physiologically valid
representations of outdoor human thermal comfort and stress across almost infinite combinations of air and mean
radiant temperatures, humidity, air speed, clothing thermal insulation and metabolic rate. The major differences
between indoor and outdoor situations is solar and infrared radiation, and these have been included in
OUT_SET* calculations by use of a separate model for estimating outdoor mean radiant temperature. The
OUT_MRT model calculates the uniform surface temperature of a hypothetical enclosure around a standing
subject that would exchange the same infared radiation with the subject as all-wave radiation in the complex,
actual solar and infrared environment. The predictions of absorbed solar radiation by OUT_MRT are significantly
correlated with the observed values for a range of clothing insulations and environmental conditions.
INTRODUCTION
Background: The American Society of Heating, Refrigerating and Air-conditioning Engineers (ASHRAE)
defines thermal comfort as that condition of mind which expresses satisfaction with the thermal environment (1).
Determination of outdoor human thermal comfort is important in planning outdoor recreation, such as the Atlanta
1996 Olympics, the design and engineering of outdoor spaces, and comfort forecasting within public weather
services. Outdoor comfort indices integrate the factors that define the human thermal environment and predict
the response (strain) of humans to the total environment. The aim of this paper is to develop an outdoor human
thermal comfort index that is physiologically valid across a wide range of environmental conditions.
Approach: An indoor thermal comfort index which has been physiologically validated across a wide range of
conditions is Standard Effective Temperature (SET*) (2, 3). The temperature of a hypothetical isothermal,
reference environment Cta = tmrtt rh = 50 %, v = 0.15 ms·') such that a person in the reference environment,
wearing 0.6 clo and standing quietly with a metabolic rate of 1.2 mets, has the same mean skin temperature Ctsk)
and skin wettedness (w) as the person in the actual complex environment is SET* (4). The actual and reference
environments are equivalent in terms of physiological strain and thermal discomfort because tsk and w are highly
correlated with subjective discomfort in cool and warm environments respectively. The calculation of SET*
requires the prediction of skin temperature and skin wettedness for the person in the complex environment. This
is commonly achieved with the 2-node model of human thermoregulation (4, 5).
MODEL OF OUTDOOR MEAN RADIANT TEMPERATURE
Description of OUT_MRT: To adapt SET* to outdoor situations we need to describe the outdoor radiant
environment in terms of mean radiant temperature (OUT_MRn. The heat load received by the human body in
full sun can be equal to or greater than the resting metabolic rate (6). When radiation impinges on the clothed
body some is absorbed, some is reflected and some is transmitted directly to the skin layer. The radiation
absorbed by the clothing layer increases the temperature of the clothing and consequently the longwave radiation
emitted by the material, until an equilibrium is established (7). The longwave radiation emitted by the clothing
layer is directed towards the outside environment and also the skin surface. Radiation reaching the skin layer will
be reflected or absorbed. Clothing reduces the amount of radiant heat transfer between the body and
environment with high insulation garments providing the greatest resistance (8). In windy conditions, the skin
absorbs less solar radiation due to the acceleration of sub-clothing heat elimination by convection as a result of
the reduced insulation of the air layer (9).
In OUT_MRT the individual components of incoming and outgoing fluxes from the human body (Wm.2) are
represented as follows:
reflected direct radiation:

Si=absJ,

(i)

reflected diffuse radiation:

Di=abD,J,

(ii)
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ground reflected global radiation:

(iii)

(S J. +D J.)G_REF =aGND (S J. +D J.)
4

downward longwave radiation:

L.l.=esKYoTa

body emitted longwave radiation:

L j = £ BODYoTc~

(iv)
(v)

4

ground emitted longwave radiation:

(vi)

L 8 =eoNooTGND

where l1j, is the albedo of the clothed body surface and aoNo is the ground albedo, which has a value of 0.26 to
represent short grass (10). The ground emissivity (£aND) is 0.95 to represent short grass (10), whilst e800 y is the
emissivity of the body surface and is assumed be 1 (10). £sKY is sky emissivity and cr is the Stefan Boltzmann
2 4
constant (5.67 X w·8 wm· K ). The air temperature, clothed surface body temperature and ground temperatures
are given by Ta> Tc~and TaND respectively, and all are in units of Kelvin.

OUT_MRT calculates the amount of outdoor radiation absorbed by the body by subtracting the outgoing fluxes
from the incoming ones for the proportion of the body's surface area that is participating in the radiant exchange.
It is assumed that direct radiation is absorbed by the area of the body that is directly illuminated by the sun. This
is detennined from the body's projected area factor (/p). The projected area factor is calculated from solar
altitude(~) and the following equation (11):

/p = 0.42cosf3 + 0.043 sin/3

(vii)

Therefore the amount of direct radiation absorbed by the body (Direct, Wm.2) is:

Direct= /p(l - ag)SJ.

(viii)

It was assumed that the diffuse radiation and ground reflected direct and diffuse radiation are absorbed by the
fraction of the total surface area of the body that is available for radiant exchange with the environment. This is
the effective radiation area factor (F£Fp), and depends upon the posture of the person. A value of 0.75 was used
. in this model as used in a similar analysis for a standing subject by Jendritzky and Nubler (12). Therefore the
amount of diffuse radiation absorbed by the body (Diffuse, wm-2) is:

Diffuse =FEn{ 1 - a.)DJ.

(ix)

and the ground reflected direct and diffuse radiation absorbed by the body (Reflected,

Reflected

=Fm( 1 - a.)(D.i.+SJ.} fXGND

wm-2)

is:
(x)

Longwave radiation is.also assumed to be absorbed by the effective radiation area <FEFF) and it is assumed that
there are equivalent contributions of longwave radiation from the ground and sky. Therefore the amount of
longwave radiation absorbed by the human body (Longwave, wm-2) is:
£sKY

4

EGND

4

4

Longwave =FEFF0'(-2-Ta +-2-TGND -EsooyTsoDY)

(xi)

In the absence of field measurements it is assumed that the ground temperature is approximately equal to the air
temperature and therefore Equation (xi) becomes:
£sKY

EGND

4

4

Longwave = FEFFO'((--+--)Ta -EsooYTBODY)
2
2

(xii)

It is recognised that this assumption is not ideal, particularly when the ground is exposed to direct radiation. The
estimation of ground temperature as in (13) also requires assumptions reg&"ding the phsyical properties of the
ground. such as water content, porosity, heat capacity and conductivity. It is the view of the authors that the error
resulting from the assumptions in our simple approach and the more complex approach proposed in (13) are
probably comparable.
In OUT_MRT the sky emissivity (esKY) is calculated using the clear sky fonnula ( 14):
£sKY =0.7+5.95xl0-s ea

ex{~~~)

(xiii)

where ea is partial vapour pressure in hPa.
The fraction of incident radiation absorbed by the body varies according to clothing insulation. Breckenridge
and Goldman (15) proposed a model of human solar heat load, in which a factor U was used to represent the
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fraction of incident solar radiation reaching the skin. This was termed the heating efficiency factor and was
defined as:

U

=

Ia

(xiv)

Ia

fcl(lcl + - )

lei

where 1,1 is the intrinsic insulation of clothing (clo), !c1 is the clothing area factor and Ia is the insulation of the
boundary air layer at the nude skin surface (clo). Wind reduces the insulation of the boundary air layer thereby
increasing convection. The reduction in the insulation of the· air layer as a function of wind speed was determined
by Tanabe et al. (16). This was achieved through exposing a seated nude thermal manikin to various speeds in
the range of 0.1 - 1.4 ms' 1 in a climate chamber. Boundary air layer insulation was found to depend on the
logarithm of wind speed (v):
Ia

=0.3767 -0.32251og(v)

(xv)

Equations (xiv) and (xv) were incorporated into OUT_MRT to include the effects of clothing and wind on the
amount of solar radiation absorbed by the body. As logarithmic functions approach but never reach a value of
zero, conditions of no wind were handled by a nominal wind speed of O.lms·1, and the corresponding Ia was
calculated by Equation (xv). The result is an air insulation value of 0.7 clo, which was programmed as a constant
value in the model. Equation (xv) is explicitly used in OUT_MRT to calculate I a when v > 0.
The total amount of outdoor radiation absorbed by a human body (FLUX, wm-2) was found by summing
Equations (viii), (ix), (x) and (xii):
FLUX = fp(l-acl)S J_ +FEFF(l-acl )(D J- +(S J_ +D'.l-)aGND) + FEFFO'((esKY

2

+ EGND )T: -E8ovrT:oDY) (xvi)
2

The mean radiant temperature index is referenced to an isothermal enclosure with temperature T., in which the
amount of longwave radiation impinging on the body is given by the Stefan Boltzmann's Law:
(xvii)
where EENc is the emissivity of the isothermal enclosure, and is assumed to be l. Assuming that longwave
radiation is absorbed by the effective radiant area, the total amount of radiation absorbed by a person in a
isothermal enclosure (FLUX_ENC, Wm-2 ) is:
(xviii)
The temperature of an isothermal enclosure such that the radiation absorbed by a body in the enclosure and the
actual complex environment are equal is, by definition, the mean radiant temperature (MRT). Therefore setting
Ts =Tmn in Equation (xviii) and equating it with Equation (xvi) gives an estimate of outdoor MRT (Tmn• K):
(xix)

Evaluation of OUT_MRT: The ideal evaluation of OUT_MRT would involve a comparison of the predicted
outdoor radiation absorbed by the human body against observed values on human subjects. To the best of the
authors' knowledge, there are no measurements of total outdoor radiation (solar and longwave radiation)
absorbed by the human body in the scientific literature, only absorbed solar radiation. Blazejczyk et al. (9)
measured solar radiation absorbed by an ellipsoid sensor which was a simple physical analogue of the human
body which has been widely used for the assessment of indoor human thermal comfort. From these measurements
Blazejczyk et al. (9) derived a model for estimating the amount of solar radiation absorbed by the human body
(R~):

Rsol = lcot(/3)x(0.25 - 0.001{3)S .l- +0.36D .l- +(0.49-0.005{3)(S .l- +D .l-)aGND lt-0.3)/ rc

(xx)

where ~ is solar altitude (0 ) and Ire is the coefficient for heat transfer through clothing by convection and
radiation.

OUT_MRT was evaluated by comparing the absorbed solar radiation component of OUT_MRT to that calculated
by the Blazejczyk et al. (9) model [Equation (xx)]. If OUT_MRTs values of absorbed solar radiation are
approximately equal to those calculated by the Blazejczyk et al. (9) model then it can be. concluded that
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OUT_MRTapproximates the amount of solar radiation absorbed by the human body as simulated by the ellipsoid
sensor. The flux of absorbed solar radiation calculated by OUT_MRT (Rsot) is given simply by the summation of
Equations (viii), (ix) and (x):

Rsol = f P(l-acl )S J. +FEFF (l-acl )(D J. +(S J. +D -l.)aoND)

(xxi)

OUT_MRT and the Blazejczyk et al. (9) model were compared across the average range of environmental
conditions experienced in Sydney using data collected at Sydney Airport during February, May, July and
November 1981, Sydney's Typical Reference Year, which· was ·a climatologically average year. The models
were compared for the clothing insulations of 0.25, 0.50, 0.75, 1 and 1.25clo.

The comparison of observed and predicted values of absorbed solar radiation by OUT_MRT are given in Figure
1. The absorbed solar radiation predicted by OUT_MRT are significantly correlated with the observations as all
clothing insulations have an R2 above 0.87. OUT_MRT slightly overestimates absorbed solar radiation by about
a quarter for a clothing insulation of 0.25 clo as the linear regression equation is y = 1.24x. This overestimation
decreases as clothing insulation increases with the predicted values of absorbed solar radiation being
approximately equal to the observed values at a clothing insulation of 0.75 clo.
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Figure 1: Comparison of absorbed solar radiation predicted by OUT_MRT against observations
(Blazejczyk et al. 1998) for a sample of conditions in Sydney's typical reference year (1981).

As there are no measurements of total outdoor radiation in the literature, it is assumed that OUT_MRT accurately
models the longwave radiation absorbed by the body. As OUT_MRT was shown to approximate observations of
absorbed solar radiation then it can be concluded that OUT_MRT accurately calculates total outdoor radiation
absorbed by the body. The use of the outdoor mean radiant temperature as estimated by OUT_MRT in the 2
Node Model results in the physiologically valid outdoor human thermal comfort index OUT_SET*.
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CONCLUSIONS
A physiologically valid outdoor comfort index (OUT_SET*) was developed by adapting the indoor comfort index
SET* to the outdoor environment. Outdoor mean radiant temperature was estimated by the separate model
OUT_MRT and it was shown to approximate the amount of solar radiation absorbed by the human body. Further
work that would enhance the developments in this project would be the evaluation of OUT_MRT against
measurements with a thermal manikin of total outdoor (long + short-wave) radiation absorbed by the human
body. In this project, OUT_MRT was assumed to accurately model the long wave radiation absorbed by the
human body
The most obvious direction that could be developed from the present work is that OUT_SET* could be made
more specific for urban environments. The human thermal environment of an urban area is very different to that
of an open field, where OUT_SET* is currently applicable. In an urban canyon the human body absorbs less
direct radiation due to shading, and more long wave radiation and reflected solar radiation from sunlit walls.
Wind speeds are also greater in urban areas than experienced in the open, particularly if the approaching air is
parallel to the street as the buildings channel the air (10). A model which simulates the unique environment of an
urban area could be used in conjunction with the model's that generate OUT_SET* to determine urban human
thermal comfort. This would provide a means for the study of the comfort level of pedestrians in central business
district's.
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AN OUTDOOR THERMAL ENVIRONMENT INDEX (OUT_SET*)
-PART II- APPLICATIONS
R.J. de Dear and I. Pickup
Division of Environmental and Life Sciences, Macquarie University, Sydney NSW 2109 Australia
ABSTRACT
Indices of heat stress are legion but one in particular, the Wet Bulb Globe Temperature (WBG1), has probably
received more practical application than the rest put together. For example, occupational health and safety
organisations and practitioners the world over refer to threshold limiting values (TLV) of WBGT when managing
hot work places. This fact alone is sufficient to outweigh the numerous theoretical limitations and simplistic
assumptions inherent in the WBGT, making it a prime candidate for use in operational heat-stress weather
forecasting applications and other outdoor situations. However, weather bureaux are unable to forecast heat
stress conditions by reference to WBGT thresholds, because the specialised instrumentation required to measure
natural wet bulb and globe temperature are very rarely found in the field, let alone predicted in numerical weather
prediction models.
This paper follows on from another ICB-ICUC'99 presentation by Pickup and de Dear (1) on the outdoor SET*
index (OUT_SET*). It describes a method of interpreting OUT_SET* predictions in relation to the more familiar
WBGTthreshold limiting values. The paper also provides illustrations of how the index can be used:
a)

to develop an outdoor thermal comfort climatology for the Sydney 2000 Olympics,

b) as the basis for heat stress and thermal comfort forecasts by a national meteorological agency, and
c)

to manage heat stress in the Uluru-Kata Tjutu National Park (Ayers Rock, central Australia).

INTRODUCTION
Indices of outdoor thermal comfort/stress
There are literally dozens of thermal comfort and stress indices and space limitations prevent us from listing them
all, but following are some of the main variants. Used by the meteorological service of New Zealand and United
States, Apparent temperature (A1) (2,3) is the temperature which a given combination of dry bulb temperature
and vapour pressure is supposed to "feel like." AT is based on a heat balance of the human body and includes,
either explicitly or implicitly, all six fundamental factors that define the human thermal environment (air
temperature, humidity, wind, radiation, clothing and metabolism). But it should be noted that the AT index does
not have any empirical physiologic or perceptual bases. Thorn's (4) Temperature Humidity Index also has some
usage, but is only based on temperature and wet bulb measurements, omitting air speed, radiation, clothing and
metabolic rates. More recently the C/o index was presented by Yan (5) as an alternative to AT, and it is based on
the amount of clothing insulation required for the body to maintain thermal equilibrium without shivering or
sweating. De Freitas (6) developed a pair of body-environment energy balance models which include all six
comfort factors - STEBIDEX, which produces an index of the mean skin temperature when the body is in
equilibrium, and HEBIDEX which is representative of the net heat load or deficit in the human body.
Indices of indoor comfort/stress
Without doubt the vast majority of both experimental and modelling work on thermal comfort/stress in recent
decades has been specifically aimed at indoor applications - since indoor thermal environments can be
engineered. Fanger's (7) PMV model stands out as one of the most widely known and the equations at its core
were based on an impressive volume of empirical data from human subjects sitting in controlled climate
chambers. It needs to be emphasised that neither the environmental nor the subjective data going into the model
were recorded in outdoor settings.
The wet bulb globe temperature is a heat stress (not comfort) index tied very directly to a specific piece of
equipment (WBG1) based on a 150mm blackened copper globe, an un-aspirated (natural) wet bulb thermometer
and an air temperature thermometer. While the index has received enormous application in the area of
occupational hygiene, its suitability for applications in diverse outdoor settings is severely hampered by its
idiosyncratic inputs. Certainly very few meteorological services make the observations required for WBGt
calculations.
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Perhaps one of the most sophisticated human thermal indices is the Standard Effective Temperature index
(SET*) devised by Gagge et al (8). SET* is the temperature of a hypothetical standard environment (T. = T.,.,
rh=50%, v=0.12 m/s) such that a person in the standard environment wearing 0.6 clo and standing quietly with a
metabolic rate of 1.2 mets, will have the same mean skin temperature (T11) and skin wettedness (w) as a person in
the actual complex environment. That is, the actual and reference environments are equivalent in terms of
physiological strain (T11 and w).
Adaptations of indoor thermal comfort models to outdoor settings
Although it was intended originally for indoor applications, Jendritzky has adapted PMV to the outdoors by
incorporating the amount of outdoor radiation absorbed by a standing person in the estimate of mean radiant
temperature, an input variable of PMV. However performance of the PMV model has long been regarded by the
indoor thermal comfort research community as less reliable away from moderate, comfortable conditions, so we
may question its suitability in many outdoor situations. In particular, the PMV index has long been regarded as
less than well-suited to environments where humidity is likely to be a significant parameter in the human energy
balance. Furthermore, the empirical bases of the PMV model were confined to the region near thermoneutrality
because it was never expected by its original author, Professor Fanger, to be applied in more thermally diverse
settings outdoors. As an alternative, Pickup and de Dear (1) proposed the outdoor version of the more robust
Standard Effective temperature index (OUT_SET*). This paper illustrates some applications of that index.
Applications of the OUT_SET* model: a) climatology for Sydney Olympics,
The Olympic and Paralympic Games are to be hosted in Sydney in the months of September (Olympics) and
October (Paralympics) 2000. The choice of these months was, in part, dictated by climatological considerations.
However, being a Southern hemisphere location there remains the problem of communicating the human
thermal climate of Sydney at this time of year to a largely Northern Hemisphere audience. September is the first
month of the Austral spring with mild to warm days and cool to mild nights. Ten years (1984-1993) of hourly
data from the official temperature record for Sydney's long-term observation Station at Observatory Hill in the
city's Central Business District (CBD) have been used for this climatology. This paper is restricted to the
Olympics (September) results, since the Sydney CBD (and Observatory Hill) are coastal locations and. the
Olympic 2000 stadium is about 20 km inland, a more representative inland meteorological station nearby
(Bankstown) was also included in the analysis.
Our method consisted of calculating an outdoor mean radiant temperature (1) directly from observed radiation
data for each hour of the ten-year climatology. The same was done for wind speeds, but since they were
recorded at a height of 10m above ground level, they were scaled back to a reasonable 1.5m value with the
power law using appropriate surface roughness parameters (10). Hourly humidity, air temperature, 1.5m wind
speed, outdoor mean radiant temperature, along with an assumed thermal insulation value of 0.6 clo (light
summer wear) and various metabolic rates (standing=l.2 met, walking on the level at 1 m/s =1.9 met, walking
on the level at 1.3 m/s =2.4 met, walking on the level at 1.5 m/s =2.84 met, and walking on the level at 1.8 m/s
=3.44 met) were input to the 2-node model and the resulting climatological averages of OUT_SET* have been
presented below. The climatological averages for OUT_SET* plotted in Figure 1 indicate broadly comparable
human thermal environments for both sites, with the exception of slightly cooler nocturnal minima for the inland
station (Bankstown).
Applications of the OUT_SET* model: b) comfort and heat stress forecasts by a public weather service
The Australian Bureau of Meteorology (BoM) has in recent years been requested by the public to provide
thermal comfort forecasts. The main factor holding back the delivery of such a service has been uncertainty as
to which of the many potential indices would be both practical to forecast and also intelligible to the public. It
was also considered desirable to use a single index that spanned not only the comfort range of thermal
environments but also the thermal stress region as well. We have proposed to the BoM the use of the
OUT_SET* index. Most of its inputs are delivered at screen height (1.5 m) by the numerical weather predictions
schemes currently in use by the BoM, including the radiation inputs, but it is generally conceded that the latter
are not so reliable. However, there is general confidence in forecasts of sky conditions of the broad descriptive
type: 1) clear, 2) partly cloudy, and c) overcast. Our solution to this problem has been to assume historic
monthly averages for direct and diffuse shortwave fluxes under these three sky conditions. In order to calculate
the historic averages it was necessary to classify each record in the Sydney solar radiation climatology into these
three sky. This was achieved by comparison of extraterrestrial (/.), global (I) and diffuse (I) radiation using the
method outlined by Iqbal (11). In terms of thermal comfort forecasts, the units of OUT_SET* are familiar
degrees Celsius and as such, the index is a relatively easy one for the public to understand.
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Figure 1: Sydney's climatological values of the outdoor standard effective temperature index
(OUT_SET*). The graphic on the left refers to the coastal CBD location while the right-hand panel refers
to a station near the Olympic stadium, about 20km inland (Bankstown).

For the heat stress part of the new BoM service we have proposed a method for translating predicted values of
OUT_SET* back into their equivalent Wet Bulb Globe Temperature (WBG1) values. The technique
underpinning this translation is simply a linear regression equation fitted between simultaneous measurements of
both indices across a sample of over 70 thermal environments of varying levels of stress (Figure 2).
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Figure 2: A linear relationship between WBGT and OUT_SET* across a range of heat stress
environments including the extremes of Ayers Rock (Uluru-Kata Tjuta) National Park in Central
Australia during the summer of 1999.

With 95% of the variance in observed WBGT readings being accounted for by their linear relationship with
measured values of OUT_SET*, we are confident that the proposed method of forecasting heat stress (WBG1) by
first forecasting OUT_SET* values using standard forecast products represents a valid and useful approach. The
final task for the forecaster is to compare the forecast WBGT levels to standard Threshold Limit Values (TL V) as
described in the next section.
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Applications of the OUT_SET* model: c) management of beat stress at Ayers Rock central Australia
As an instantly recognisable icon for Australia, the Ayers Rock (Uluru-Kata Tjuta) National Park in Central
Australia attracted about 400,000 tourists in 1996/97. Unfortunately due to the Park's location in the heart of an
extremely hot sub-tropical desert, rugged terrain and policies prohibiting comrnercialised tourism amenities, a
small but significant number of visitors each year experience heat-related difficulties of varying severity. Given
the diversity in fitness and degree of acclimatisation in the population of visitors to the Park, the National Parks
and Wildlife Service has responded to safety concerns by recently implementing a policy of closure for the
"Valley of the Winds" (VOW) walking track on days when the Australian Bureau of Meteorology forecasts a
maximum temperature at the nearby Yulara airport of 36°C or higher. Commercial sensitivity of the Ayers
Rock tourism industry to such policies led to complex litigation in 1998 and 1999. The recent resolution of that
dispute rested heavily on an analysis of measured heat stress levels on >36'C days and comparison of these back
to occupational health and safety standards of heat stress as defined in terms of th.e Wet Bulb Globe Temperature
(WBGn index.
Industrial standards· used in the management of hot workplaces are based on the concepts of permissible heat
exposures and Threshold Limit Values TLV (12, 13). The standards have been derived from extensive
laboratory and field experience with heat and therefore represent an appropriate basis for assessing heat stress on
the VOW walking track. The ACGIH heat exposure TLVs listed below are based on the assumption that nearly
all individuals wearing light summer clothing (0.6 clo u~its), with adequate water and salt intake should be able
to function effectively under the given thermal conditions without exceeding a deep body temperature of 38°C.

Table 1: Permissible h eat exposure threshold limit values (source: 12)

Work/rest re imen
CQntinuous work
75% Wodc, 25% rest·eacll hour
50% Work. 50% rest each -hour
25% Work, 75% rest each hour

Li ht Work Load

3o.ooc
30.6 °C
31.4 oc
32.3 °C

Moderate Work Load
26.7 oc
28.0°C
29.4 oc

31.1 oc

Heav Work Load
25.0 oc
25.9 °C
27.9 °C
30.0 °C

Tourists walking the "Valley of the Winds" track were estimated to have a metabolic rate falling in the
"moderate" work load category. If sustained continuously from start-to-finish of the ;walking track (2-3 hours)
the appropriate TLV would therefore be 26.7°C WBGT. However, there are climbs along the VOW track where
the TLV approaching that for "heavy" work loads (25°C WBGn would be more appropriate.
Mean Radiant Temperature recGrds in Figure 3 show the significant effects of very intense solar radiation and
long-wave (infrared) .radiation loads from the bare rock surfaces of the walking track. The latter recorded
maximum surface temperatures in excess of 70°C. The OUT_SET* values were calculated with an assumed
metabolic rate of 3 met units, corresponding to a steady walk of about 3 to 4 km/h with some gentle climbing.
From the start of measurements mid-morning until the sun disappeared behind one of the rock dome cliffs facing
the walking track at about 17:00hrs, the OUT_SET* index showed temperatures at about 50°C or above (except
for a very brief late afternoon storm when the instruments were shifted under shelter). But most important of all,
the WBGT values derived from the technique described earlier in this paper exceeded the TLV for moderate
workloads (26.7°C in Table 1) throughout the entire period of observation. This finding strongly supports the
National Parks and Wildlife Service policy of walking track closure on days with a high likelihood of heat stress
(forecast T max >36).
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Figure 3: Observed levels of mean radiant temperature, standard effective temperature and wet bulb
globe temperature on the Valley of the Winds walking track during a day with a maximum air
temperature of 44°C (January 1999).

CONCLUSIONS
A new version of the Standard Effective Temperature index of thermal environment suitable for outdoor
applications (OUT_SET*) has been proposed in a companion paper at this conference (1). The present paper has
given examples of how that index can be applied in the management of extreme and potentially dangerous
recreational climates in Australia's interior. OUT_SET* values can be calculated from readily available
meteorological observations and these may be mapped back to internationally agreed Threshold Limit Values of
heat stress based on the Wet Bulb Globe Temperature index. The OUT_SET* index was also used to prepare a
human thermal climatology for the Sydney Olympics in September 2000. The analysis depicted Sydney as
having mild to warm days and cool to mild nights during the first month of the Austral spring when the Games
are scheduled. The paper also outlined a proposal for the use of the OUT_SET* index to enable thermal comfort
and stress forecasts to be incorporated into the routine operations of the Australian Bureau of Meteorology. The
method consisted of assuming climatologically average values of solar radiation for the month in question under
three sky scenarios: clear, partly cloudy, and overcast. All other inputs to the OUT_SET* models can be taken
from the numerical weather prediction models currently used in BoM operations.
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THERMAL COMFORT SENSATION AND THERMOPHYSIOLOGICAL
RESPONSES OF SCHOOL BOYS AND GIRLS
K Tsuzuki
National Institute of Bioscience and Human-Technology, Tsukuba, Japan
ABSTRACT
This study examined the thermo-psychological and physiological responses of both prepubescent and pubescent
boys and girls, comparing their thermal comfort with accepted thermal comfort criteria. The experimental study
was carried out in two climatic chambers. After remaining in a 28 °C pre-test room for 1 hour, the subjects moved
to a hot room (35 °C , 70%rh) and sat quietly for 30 min. After the hot exposure, they entered an air-conditioned
room (22°C, 25°C, 28°C or 31 °C air temperature (Ta) with 50%RH, 0.2m/s air velocity and MRT=Ta), where they
stayed 1.5 hours. The subjects wore T-shirts and short pants commonly worn in Japan in summer and sat quietly
(sedentary metabolic rate). Mean skin temperature (Tsk), body mass, and oxygen consumption were measured.
The subjects were also asked about their thermal sensation (TS) and comfort sensation (CS). Good relationships
between Ta and Tsk for all groups were shown. However, the TS for each group, especially for prepubescent boys
and girls group, were unreliable for the cooling phases. Linear regression of the relationship between Tsk and TS
did not produce a good correlation. Therefore it is inappropriate for boys and girls to control air conditioning in
accordance with their thermal sensations.
INT RODUCT ION
The effectiveness of body temperature regulation in response to heat stress may differ between children and adults.
Some studies reported similar tolerance and adequate heat dissipation, while others reported decreased tolerance
and deficient thermoregulation in children compared with adults (1,2). Bar-Or suggested this discrepancy is due to
varied environmental heat stress. That is, in a thermoneutral environment (20-25 °C), children rely more on dry or
nonevaporative (radiative and convective), as opposed to evaporative heat loss, but thermoregulate as effectively
as adults. The same seems to hold true in a warm climate, when ambient temperature is 5-7 °C above skin
temperature and the relative humidity is low or moderate (<50%). Several age- or maturation-related differences
in the thermoregulatory response to exercise have been reported between children and adults. For example, the
sweat rate is known to be lower in children than in adults. Cardiac output at any given metabolic level is also
somewhat lower in children than in adults. In addition, the body surface area-to-mass ratio is greater in children
compared with adults. These results were usually obtained from male subjects, except for a few studies.
In regards to thermal comfort, several interesting studies on mental performance have been done already (3). Field
studies of classrooms have also been carried out recently (4). However the relationship between thermal comfort
and thermophysiological responses for children has not been made clear. The purpose of this study was to observe
the thermal comfort of school-aged boys and girls and compare their thermal comfort sensation with the general
thermal comfort criteria.
METHODS

Subjects
Twenty-five boys and girls were recruited as subjects. The subjects were classified into four groups, i.e.,
prepubescent boys, prepubescent girls, pubescent boys and pubescent girls. Each group had six or seven members.
The physical characteristics of the subject group are described in Table l.

Environments
All tests were conducted in the climatic chamber at the Institute of Bioscience and Human- technology. The
chamber consisted of two adjoining rooms connected by a pre-test room. In this study, the pre-test room was used
to acclimatize the subjects and to prepare the instruments. Thermal conditions of the pre-test room were 28°C with
50%RH. Room A was set at 22°C, 25°C, 28°C and 31°C for half a day each. The relative humidity was maintained
at 50 +1- l 0%. Air velocity was less than 0.2m/s during the experiments. The walls of the subject-controlled room
were screened by curtains, ensuring that the mean radiant temperature would change along with the ambient air
temperature. The other (room B) served as a hot room. The thermal conditions of the hot room were 35°C with
70% RH , the air velocity of 0.3m/s. T he subjects took part in the four cool temperature conditions. However, the
prepubescent girls couldn't complete the 22°C cool environment after hot exposure, therefore we omitted the 22°C
data for this group.
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Clothing
T-shirts and short pants of the same design and materials as those commonly used in a Japanese summer were
obtained in different sizes for the experiment. The pubescent girls wore them over a bra and underpants; the boys
wore them over underpants. The clothing insulation was estimated to be 0.18clo.

·Procedure
The purpose, nature and procedures of the experiment were explained verbally and also given in written form to
each of the parents who then gave informed consent prior to voluntary participation in the project. The study was
approved by the Human Ethical Committee of the Human-Environmental Systems Department, a division of the
National Institute of Bioscience and Human-Technology. The preliminary screening procedures for every subject
included measurements of height, weight and percentage of body fat and also health questionnaires and medical
history.
The subjects were divided into three-person groups. Each three-person group was exposed to the same
experimental condition at the same time. On arrival at our laboratory, the subjects entered the pre-test room in
which the air temperature had been preset at 28 °C. They then changed into the T-shirts and short pants described
above and were attached to thermistors. At a point greater than 30 min after their arrival, the first measurements
began while they remained seated. After 10-min of additional rest, the subjects moved to room B, set at 35°C and
70% RH. They stayed for 30 minutes in room B and then returned to room A, where they spent 90 minutes
cooling.

Measurements
The body surface area (BSA, m2) was calculated from the height (H, em) and mass (W, kg) using the following
equation (5): BSA=0.008883*W0·444•If·663
Skinfold thickness was measured at three different locations by the use of a skinfold caliper. These were on the
triceps, and in the subscapular and abdominal regions.
The physiological measurements are based on thermistor readings at intervals of 30 seconds. Skin temperatures
from the forehead, abdomen, forearm, hand, thigh, calf and instep were measured by thermisters taped to the skin.
Mean skin temperature (Tsk) was calculated according to the following equation (6):
Tsk=0.07*Tforehead+0.35*Tabdomen+0.14*Tforearm+0.05*Thand+0.19*Tthigh+0.13*Tcalf+0.07*Tinstep
The other physiological measurements include the heart rate, blood pressure, metabolic rate and sweat rate. The
psychological responses during the experiment were measured for thermal sensation and comfort sensation in
accordance with JSHAS at intervals of 10 minutes. Thermal sensation used a nine-point continuous scale and
comfort sensation was a seven-point continuous scale, shown in Table 2.

Table 1: Physical characteristics of subject groups
SUBJECT

AGE
(years)

HEIGHT
(em)

MASS
(kg)

Pubescent boys

14.1
0.1
14.0
0.5
9.0
0.3
11.4
0.3

162.3
7.5
158.7
4.3
146.9
7.8
143.1
4.1

47.7
6.6
45.8
2.2
46.8
14.0
33.9
2.8

mean
SD
Pubescent girls mean
SD
Prepubescent boys mean
SD
Prepubescent girls mean
SD

* Tanner's pubic hair staging 2-4 is midpubescent
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SKINFOLD THICKNESS(mm)
abdomen
Back
scapula
7.3
1.9
11.9
5.5
16.7
10.2
10.1
5.9

7.4
1.6
13.8
4.9
17.5
11.9
10.0
4.0

6.9
2.0
12.7
5.7
21.5
14.5
10.9
2.6

Tanner*
4.0
0.0
3.7
0.5
2.0
0.0
2.3
0.4

Table 2: Scales for thermal and comfort sensations
TS(Therrnal sensation) CS(Comfort sensation)
l.very cold

1.very uncomfortable

2.cold

2.uncomfortable

3.cool

3.slightly uncomfortable

4.slightly cool

4.neutral

5.neutral

5.slightly comfortable

6.slightly warm

6.comfortable

?.warm

7. very comfortable

8.hot
9.very hot

RESULTS
The changes of thermal sensation (TS) for pubescent boys during exposure to the four air temperatures are
presented in Figure 1. The mean (SD) TS was between "4:slightly cool" and "5:neutral" in the initial 28 °C air
temperature (Ta) except for prepubescent girl group which registered the mean TS to be between "3:cool" and
"4:slightly cool". Subjects showed a mean TS between "?:warm" and "8: hot" during the heat exposure. When
they moved to the cool room, their TS became "2: cold" at the 90 minute mark, even though they originally
indicated "3:cool" in the 22 °C Ta. The mean TS in the 25 °C Tawas initially "3:cool", not changing even at the 90
minute mark. The mean TS in the 28 °C Tawas initially "4:slightly cool"; however, the TS of boys then became
"5:neutral". The mean TS in the 31 °C Tawas almost "5: neutral".
The relation between Ta and average TS for each group is shown in Figure 2. The mean TS for both pre- and
pubescent boys showed that the TS increased in accordance with the increasing Ta during the cooling period.
However both pre- and pubescent girls didn't register the mean TS in the cooling periods regularly as expected;
both girl groups showed no difference between 25 °C and 28 °C Ta.
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Figure 1: Changes in thermal sensation (TS) for pubescent boys
during exposure to the four air temperatures

293

-Pubescent
boys
.....,._Pubescent
girls

6

5

en 4

E-4

~Prepubescent

3

boys
~Prepubescent

2

girls

1

22

28

25

31

Ta(oC)

Figure 2: Mean TS for four groups at the end of 90-minutes exposure to each air temperature

The time course of mean skin temperature (Tsk) for pubescent boys at each air temperature is presented in Figure
3. Tsk showed 34 °C at the initial 10-minute mark. Tsk increased rapidly as soon as the subjects entered the hot
room, then stabilized to a Tsk between 35.5 °C and 36 °C at the end of heat exposure. Tsk decreased sharply after
exiting the hot room; the degree of Tsk drop was proportional to the cool environmental temperature. The Tsk
continued to decrease for the remainder of the cool environmental period except both the 28 °C and 31 °C Ta.
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Figure 3: Changes in Tsk (Mean skin temperature) for pubescent boys during four air temperatures
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The relation between Ta and average Tsk for each group is presented in Figure 4. The average Tsk of pubescent
boys was highest among the four groups at all temperature conditions, although no significant difference was
found among the four groups. Not only pubescent but also prepubescent girls showed different Tsk regularly in
accordance with an increased Ta, although the girl groups, in particular, presented the same TS between 25 °C Ta
and 28°C Ta.
The relation between Tsk and TS for both pubescent boys and girls at the end of the 30-minutes cooling phase is
shown in Figure 5. A consistent relation between Tsk and TS was observed for either boy or girl groups. However,
each coefficient of the relationship between Tsk and TS was not so high.
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DISCUSSIONS
Four experimental conditions (22°C, 25°C, 28°C and 31 °C; 50%RH; 0.2m/s air velocity; MRT=Ta), sedentary
sitting and clothing were calculated SET*(18.1°C, 21.6°C, 25°C and 28.4°C SET* respectively) and PMV (-2.9,
-1.4, 0.09 and 1.54 respectively). When the TS of school children were compared to the PMV, the TS of pubescent
boys and girls at 22°C and 25°C Ta were similar to the PMV. However the TS of the four groups at 28°C and 31 °C
Ta were contrary to the PMV. The TS of prepubescent boys showed cooler than the other group's TS and the PMV.
The TS of prepubescent girls showed no difference between 2SOC and 28°C Ta. This indicates that the TS of
prepubescent girls and boys was unreliable in the cool environment. This suggestion was supported by our
previous result of exposure to heat (7).
Linear regression of relationships between the Tsk and TS for each group during the last 30 minutes did not
produce good correlations. Generally human subjects at rest show good correlation between Tsk and TS around
the thermoneutral temperature range. As the TS of boys and girls were described above, the TS were not
consistent with the PMV and didn't show a good correlation with Tsk. Therefore it is inappropriate that boys and
girls should be allowed to control their thermal environment in accordance with their thermal sensations.
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ABSTRACT
A group of 935 subjects provided 1,229 sets of questionnaire responses for winter and summer thermal
conditions in 22 air-conditioned office buildings in Kalgoorlie-Boulder, Western Australia, located in the central
Australian hot-arid climate zone. The study protocol followed the procedures for a series of large-scale
ASHRAE-sponsored thermal comfort field surveys and included precise measurements of indoor climates with
laboratory-grade instrumentation. The office workers (with average metabolic rate of 1.3 met) were clothed in
ensembles of, on average, 0.49 clo in summer and 0.69 in winter. Office chairs provided an additional 0.15 clo
for seated subjects. Thermal neutrality, determined by the subjects' ratings on the ASHRAE seven-point thermal
sensation scale, occurred indoors at an operative temperature (TOP) of 20.3 °C in winter and 23.3 °C in summer.
Preferred temperature, defined by the lowest number of subjects requesting a change of indoor temperature, was
22.2 °C for both seasons. Observed thermal neutralities were comparable with predictions from the adaptive
comfort models of Humphreys (1), Auliciems (2), and de Dear and Schiller Brager (3). The results were also
compared with three earlier ASHRAE-sponsored field surveys conducted in mediterranean, hot-humid and cold
climate zones. The subjects from the present study were least sensitive to temperature variations

INTRODUCTION
Thermal sensation complaints are the single most common problem of any type reported by occupants not only
in rigorous field studies but also in statistical analyses of unsolicited opinions in commercial buildings. Practical
implications of these findings are important, as there is now a general agreement that office environments
influence productivity output of their occupants. The American Society of Heating, Refrigerating and AirConditioning Engineers (ASHRAE) has recently commissioned a series of state-of-the-art field experiments of
occupant comfort and office thermal environments across a variety of climate zones. The first experiment was
performed in a mediterranean climate location (San Francisco Bay area) and described in Schiller et al.(4). De
Dear and Fountain (5) replicated this study in Townsville in the hot-humid climate zone of northern Australia,
and Donnini et al. (6) conducted the third study in a cold climate in Montreal, Canada. The fourth and final
instalment in this series was recently completed by Cena and de Dear (7) in a hot-dry climate in KalgoorlieBoulder in Western Australia.
These field experiments recorded relevant variables of human heat balance and thermal comfort using laboratory
grade instruments in realistic field conditions at a quality that was high enough to permit comparisons with
experiments previously obtained only in climatic chambers. A detailed literature review of earlier ASHRAEsponsored field studies has been recently presented by Brager and de Dear (8). The present paper will discuss
the thermal neutralities and preferences of office occupants in a hot-dry climate (7) in the context of the three
other experiments (4,5,6).

METHODS
Kalgoorlie-Boulder is situated in the desert area of Western Australia (at the latitude of 30°45' south of the
equator, longitude of 121 °30' east, and at the elevation of 380 metres). The location falls within the Koeppen's
BWh climatic classification- very dry and hot. Rainfall is minimal (only 258 mm per annum, over 300 days in a
year are without any rainfall) with a pronounced seasonal variation. Mean minimum temperatures of this
project's winter and summer field campaigns were 9.6 and 16.7 °C, respectively. Mean maximum temperatures
of the winter and summer sample periods were 18.5 and 30.7 °C. The average daily relative humidity during the
summer campaign was 39%
Six hundred and forty subjects participated in the winter study and 589 subjects took part in the summer study.
This total of 1,229 sets of data was obtained in 22 air-conditioned office buildings and was provided by 935
respondents, of whom 294 were interviewed in both seasons. Forty eight percent of the sample was female,
which is broadly consistent with the Boulder-Kalgoorlie office population's gender composition. Only 10% of
the subjects claimed that they did not have air-conditioning at home or in their car. During summer, over 80% of
all subjects actually used air-conditioners in their cars. Two-thirds to three-quarters of Kalgoorlie-Bouldersubjects also used evaporative air conditioning in their homes in summer. These findings indicate that the
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majority of subjects in the present study were not exposed in summer to the natural ambient conditions as they
lived, travelled and worked in air-conditioned spaces.
A mobile measurement system described in Cena and de Dear (7) was used on-site to collect measurements of
the indoor atmospheric environment. The system collected concurrent physical data (air temperature, dew-point
temperature, relative humidity, globe temperature, radiant asymmetry and air velocity) from three arrays of
laboratory-grade transducers placed 0.1 m, 0.6 m, and 1.1 m above floor level, representing the immediate
environment of the seated person's ankles, waist and neck, respectively. The instrumentation package was light
(total weight, with batteries, of 15 kg), robust, mounted on wheels and fully portable. Mean indoor air
temperature (averaged across the three heights) was 22.0 °C in winter and 23.4 oc in summer. Air velocities
were low in winter, with a mean of 0.13 rnls, but this increased to 0.20 rnls in the summer season. Mean winter
and summer indoor relative humidities were 46 and 42 %, respectively.
The survey questionnaire was divided into two parts; "background" and "online." The background form covered
several areas including demographics, work area satisfaction, personal environmental control, job satisfaction
and health. The online survey form was given to the subject at the same time as their workstation's environment
was measured by the mobile system and it requested an assessment of the thermal environment at that point in
time. The online questionnaire included the traditional scales of thermal sensation and thermal preference,
current clothing and metabolic activity checklists, and two scales focusing on air movement. The thermal
sensation scale was the ASHRAE seven-point scale of warmth ranging from cold (-3) to hot (+3) with neutral
(0) in the middle. The thermal preference scale asked on a three-point scale whether the respondent would like a
change in the thermal environment. Possible responses were "want wanner," "want no change," or "want
cooler." Clothing checklists were adapted to the regional customs prevailing in Kalgoorlie-Boulder and
compiled from the extensive lists published in ASHRAE standard (9). Office chairs provided additional 0.15 clo
for seated subjects. Metabolic rates were assessed by a checklist of office activities referring to four distinct
time-brackets in the hour preceding the interview; 60~30 minutes, 30~20 minutes, 20~10 minutes and 10~0
minutes before the interview. Quantification of metabolic (activity) responses was based on the detailed
databases published in ASHRAE (9) and ISO (10) standards.
RESULTS AND DISCUSSION
Thermal sensations, neutralities and preferences
After matching data from the online questionnaires with the corresponding instrumental data, environmental and
comfort index calculations were performed (7). Indices included operative temperature (t0 ), mean radiant
temperature, Effective Temperature (ET*), Standard Effective Temperature, Predicted Mean Vote (PMV) and
Predicted Percentage Dissatisfied (PPD).
The mean thermal sensation cast by male subjects during the winter season's survey was +0.26 on the ASHRAE
7-point scale, which was marginally cooler than the females' mean of +0.58. In summer the difference narrowed
to just 0.06 sensation units, with the males again being cooler than the females. While thermal sensations were
broadly comparable between the sexes, the levels of thermal dissatisfaction were not. In the winter survey 12%
of males registered votes of "thermally unacceptable" compared to 18.8% of females voted that way under the
same conditions. In summer the females were again more prone to expression of thermal dissatisfaction with
13.6% voting "unacceptable" compared to just 8.2% of males.
Neutrality, defined in terms of the 50% probit model response on the ASHRAE thermal sensations vote of
"neutral", occurred at an operative temperature of 20.3 °C in winter and 23.3 °C in summer, and at an ET* of
20.1 and 23.5 °C, respectively. Table 1 presents neutral operative temperatures calculated for subgroups of
subjects who remained sitting or working at their desks (metabolism <60 W /m2) and either standing or walking
(metabolism >80 W/m2) during the entire hour prior to responding to the online questionnaire. For both seasons,
the probit models showed that the subjects with higher metabolism (activity) consistently chose lower neutral
temperatures. The ranges of 95% fiducial limits indicate statistical significance between the two seasons in all
cases with neutrality consistently occurring at higher indoor temperatures in the summer season.
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Table 1: Neutral operative temperatures (with 95% fiducial limits) calculated for Kalgoorlie-Boulder
office occupants divided into three groups of different metabolism representing means of the season
sample, sitting and standing/walking activities.

Number of
subjects

144
640
257

Winter
Mean
metabolism
(activity)
<65 Wlm"l
(sitting)
76.5 W/mL.

>80W/m'
(on feet)

neutral
operative
temperature
21.3 °C
(19.6- 22.0)
20.3 °C
(19.2- 20.9)
19.1 °C
(15.3- 20.3)

Number of
subjects

Summer
mean
metabolism
(activity)

132

<65Wfm"~-

589

(sitting)
77.2 W/m'

238

>80 Wlm2
(on feet)

neutral
operative
temperature
24.0°C
(23.5 - 24.8)
23.3 °C
(23.0 - 23.6)
23.5 °C
(22.9- 24.0)

The preferred operative temperatures in winter and summer, defined as a minimum of subjects requesting
temperature change, were almost identical at 22.3 °C (about mid-way between the summer and winter
neutralities derived from sensation votes). It is worth noting that similar magnitude and direction of the offset
between neutrality and preference was observed in the Townsville field study (5). A possible explanation
proposed by Mcintyre (11) is that persons in hot climates may describe their ideal thermal state as "slightly cool"
while persons in cooler climates may choose words "slightly warm" to describe their thermal preference, instead
of "neutral". This suggests that thermal preference data might be more relevant to the definition of comfort
zones than thermal sensations because the semantics of the latter appear to be biased by climatic and
meteorological contexts. The neutral operative temperatures in summer (Table 1) were higher than the mean
preferred temperature of 22.3 °C. De Dear and Schiller Brager (3) have previously noted a tendency for thermal
neutralities (derived from ASHRAE votes) to be warmer than preferred temperatures in warm climates, and
cooler than preferred temperatures in cool climates.
Comparisons with previous thermal comfort field studies
In a hot-dry climate of Kalgoorlie-Boulder, t 0 thermal neutralities occurred at 20.3 °C in winter and 23.3 °C in
summer. The wet season value for Townsville (5) and the summer value for Kalgoorlie are close to each other
(within 1 °C) reflecting similar clothing insulation measured in both locations (0.59 and 0.64 clo, respectively).
The dry season in Townsville and winter in Kalgoorlie-Boulder are more difficult to compare as the average
clothing insulations in both places were dissimilar (0.69 and 0.84 clo, respectively). For comparison, the
summer clothing insulation in Montreal (6) was 0.73 clo and 1.06 clo in winter. It therefore appears that thermal
neutralities are strongly dependent on local standards of clothing. Sensitivities and expectations of the subjects
with regard to temperature variations could additionally affect this relationship. The Kalgoorlie-Boulder
subjects were least sensitive to temperature variations. A gradient of one sensation unit per 3 °C was found in
the San Francisco study, 2 °C for both the Townsville and Montreal subjects, while for Kalgoorlie-Boulder the
value was on average about 4 °C.
Auliciems (2) analysed over 50 comfort studies from all climatic regions and regressed the observed neutralities
on the mean indoor and outdoor temperatures recorded during the original studies. The regression equation that
resulted may be used to predict neutralities for Kalgoorlie-Boulder to obtain useful comparisons. The neutrality
t'l' on the ASHRAE or Bedford 7 -point scale was assumed by Auliciems to be a function of t; the mean air,
globe or operative temperature and tm the mean monthly temperature outdoors (average of mean daily minima
and maxima),
t'l'= 9.22 + 0.48 (t;) + 0.14 (tm).
For Kalgoorlie-Boulder, tm was 24.5 °C for summer and 12.2 °C for winter. Neutralities calculated from the
Auliciems' equation are 24.0 and 21.5 °C, whereas the observed neutralities (Table 1) were found to be 23.3 and
20.3 °C. The agreement can be considered as satisfactory and reflects well the relatively low winter neutrality.
Auliciems' equation when applied to the Montreal data (6) predicted t'l' one degree cooler than observed
neutrality. The Townsville study also observed differences in the dry season data but provided full agreement
for the wet season data. The discrepancies could be explained by the fact that Auliciems' empirical equation was
based on results from both air-conditioned and naturally ventilated buildings, and occupants of naturally
ventilated buildings could be expected to demonstrate a greater sensitivity of different levels of clothing
insulation to outdoor climatic influences. In Townsville (5), there was a 0.1 clo decrement between seasons,
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despite an 8 degree difference in mean outdoor temperature, so the observed inter-seasonal difference in
neutrality was less than half a degree. In Montreal, there was only a 0.3 clo difference between seasons, despite
a 25 degree difference in mean outdoor temperature, making the observed inter-seasonal difference in neutrality
more than one degree. In Kalgoorlie-Boulder, there was a 0.2 clo decrement and a 12.3 °C difference between
the seasons but the observed inter-seasonal difference in neutrality was 3 de_grees. However, it should be
remembered that the indoor temperatures preferred in summer and winter in Kalgoorlie-Boulder were more-orless constant all year.
Humphreys (1) also regressed field study neutralities on prevailing temperature outdoors for both ·"climate
controlled" and ~·free runnin_g" bUildings. The relevant regression equation for the "climate controlled" buildings
is:
t,= 23:9

+ 0.295 (tm- 22) exp {-H tm- 22)/(24*V2)]~}

The neutralities predicted for Kalgoorlie-Boulder from the last equation were 24.6 and 21.2 °C, overestimating
the summer conditions by over one degree but being closer by 0.3 °C to the winter observed neutralities than the
Aulicierns' equation. Nevertheless, the general agreement with both Auliciems• .and Humphreys' empirical
formulae based on a very substantial nuniber of field studies is notable and suggests a clear influence of the
outdoor conditions on -the perception of indoor neutrality.
The comparison of neutral indoor operative temperature (based on ASHRAE sensation votes) and mean outdoor
temperature for predominantly air-conditioned buildings in the recent series of four ASHRAE-sponsored field
studies revealed a relatively weak but positive linear relationship (Figure 1).
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Figure 1: Observed and predicted neutral (left diagram) and preferred (right diagram) temperatures
in office environments across the four field experiments (4, S, 6, 7) for corresponding mean outdoor
effective temperatures, ET*. The PMV predictions assumed a 0.15 clo insulation due to subjects

being seated on chairs.

The same regression analysis was repeated on the preferred temperatures observed in the same eight
season/location combinations. While the strength of the linear relationship between observed preference and
outdoor climate was stronger than that for observed neutralities, the overall sensitivity of both preference and
neutrality to outdoor climate remained about the same. Approximately 20-25 degrees change in outdoor ET*
corresponded to about one degree change in preference or neutrality indoors, although the small number of
points in this analysis combined with the large amount of unexplained variance in the models makes it
inappropriate to attribute this adaptive effect directly to particular behavioural (clothing), psychological
(expectation) or physiological (acclimatisation) processes. Thermal neutralities and preferences of occupants are
therefore affected by both the short term history of the individual's activity level (Table 1) and the long term
climatic experience and expectations (Figure 1).
These findings are entirely consistent with the so-called "adaptive model" of thermal comfort which predicts that
building occupants' comfort temperatures converge on the temperatures they experience in their buildings
because of their ability to adapt. For a more thorough analysis of the adaptive model the interested reader is
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directed to the recent analysis by de Dear and Schiller-Brager (3) which was based on over 22,000 sets of
observations collected in 160 buildings across a broad spectrum of climate zones around the world. Further
research into the processes used by occupants of buildings in different climatic zones and conditions to adapt to
their thermal indoor environments can therefore be considered as a challenging and important goal for the
thermal comfort research community.

CONCLUSIONS
l.

Thermal neutrality, according to responses on the ASHRAE seven-point sensation scale, occurred at 20.3 °C
in winter and at 23.3 °C in summer. Preferred temperature, defined as a minimum of subjects requesting
temperature change, was 22.2 °C for both seasons. Thermal acceptability showed little or no systematic
relationship with the thermal environmental conditions. The values of thermal neutrality were in general
agreement with predictions from models by Humphreys (1) and Aulicierns (2).

2.

The effects of Kalgoorlie-Boulder hot-dry/cold-dry seasonality on thermal comfort responses of office
workers was significant, amounting to a 3 °C shift in neutrality and was within the range expected on the
basis of the clothing insulation differences of approximately 0.2 clo between seasons.

3.

A marked effect of both current metabolism (activity) levels and long term outdoor conditions (ambient
temperature) on thermal neutralities and preferences was observed indicating that the office occupants
adapted to their indoor thermal conditions.

ACKNOWLEDGEMENTS
The data discussed in this paper were obtained during a project RP-921 sponsored by the American Society of
Heating, Refrigerating and Air-Conditioning Engineers. All data and results of the Kalgoorlie-Boulder field
experiment (7) are available electronically on-line at
http://atmos.es.mq.edu.au/-rdedear/ashrae_rp884_home.html

REFERENCES
1.

Humphreys, M.A. 1981. The dependence of comfortable temperatures upon indoor and outdoor climates.
Bioengineering. Thermal Physiology and Comfort, edited by Cena, K. and Clark, J.A. (Amsterdam,
Elsevier), 229-250.
2. Auliciems, A. 1983. Psychophysical criteria for global thermal zones of building design. Int. J.
Biometeorol. 26:69-81.
3. de Dear, R.J. and Schiller Brager, G. 1998. Developing an adaptive model of thermal comfort and
preference. ASHRAE Trans. 104(1).
4. Schiller, G., Arens, E., Bauman, F., Benton, C., Fountain, M., Doherty, T. and Craik, K. 1988. A field
study of thermal environments and comfort in office buildings. ASHRAE 462-RP Final Report. (Atlanta,
ASHRAE).
5. de Dear, R.J. and Fountain, M.E. 1994. Field experiments on occupant comfort and office thermal
environments in a hot-humid climate. ASHRAE Trans. 100(2):457-475.
6. Donnini, G., Molina, J., Martello, C., Lai, D.H.C., Lai, H.K., Chang, C.Y., Laflamme, M ., Nguyen, V.H.
and Haghighat, F. 1996. Field study of occupant comfort and office thermal environments in a cold climate.
ASHRAE Trans. 103(2).
7. Cena, K. and de Dear, R.J. 1999. Field study of occupant comfort and office thermal environments in a hot,
dry climate. ASHRAE Trans. 105(2).
8. Brager, G. and de Dear, R.J. 1998. Thermal adaptation in the built environment: a literature review. Energy
and Buildings. 27:83-96.
9. ASHRAE 1992. Thermal environmental conditions for human occupancy. ANSUASH RAE Standard 551992, (Atlanta, ASHRAE).
10. ISO 1994. Moderate thermal environments - Determination of the PMV and PPD indices and the
specification of conditions for thermal comfort. International Standard 7730. 2nd ed. (Geneva: International
Standards Organisation).
11. Mcintyre, D.A. 1981. Design requirements for a comfortable environments. Bioengineering. Thermal
Physiology and Comfort, edited by Cena, K. and Clark, J.A. (Amsterdam, Elsevier), 157-168.

301

CLOTHING, CLIMATE, AND ARCHITECTURE
Shin-ichi Tanabe
Department of Architecture, Waseda University, Tokyo 169-8555 Japan

ABSTRACT
The importance of clothing for passive cooling effects is pointed out. Eighteen different traditional clothing
ensembles were collected, mainly from the East Asia region, where climatic conditions during the summer
season are hot and humid. Under hot and humid conditions natural ventilation is one of the major cooling source
for human comfort. Clothing insulation was measured under different air velocities. A thermal manikin was used
for the measurements in a climatic chamber. Clothing properties were also tested. Traditional clothing is
penetrated by air movement and basic clothing insulation is reduced accordingly. The subjective effect of natural
ventilation and air movement within these clothing ensembles was estimated SET*. It was found that traditional
summer clothing provides much cooler conditions for the wearer than modem clothes.
INTRODUCTION
The purpose of this study is to investigate the reduction of thermal insulation of traditional clothing in Asia
region by air movement. Under hot and humid condition natural ventilation and air movement are the most
powerful tools to obtain comfort. Traditional summer clothing in the hot and humid regions may have a big
impact on the cooling effects because air penetrates these clothes and reduces clothing insulation. In this paper
eighteen types of traditional clothing were measured by using a thermal manikin. The effect of the reduction of
basic clothing insulation on thermal comfort was predicted by SET*.
EXPERIMENTAL METHODS
Characteristics of Clothing Fabrics
Eighteen types of traditional clothing in hot and humid region were collected for measurements. Some of them
were shown in Figure 1. Characteristics of fabric used traditional clothing ensembles were measured according
to the JIS (Japanese Industrial Standard) L 1960-1990. Material, weave, density of welf and woof, thickness, and
air permeability were tested. Results were described in Table 1. Figure 2 illustrates the air permeability of
clothing fabrics. Comparison is shown for the typical cotton brode for a business white shirts. Air permeability
of cotton brode was 15020 cc/cm2s, which was smaller than those of most traditional clothing mentioned in this
paper.
Thermal Manikin Experiments
A thermal manikin (1) was used for the measurement of clothing insulation. The experiment was carried out in a
climatic chamber at Ochanomizu University. To increase air velocity, a fan box was used in the chamber.
Operative temperature during the experiments was kept at 25° and relative humidity was 50%RH. Mean radiant
temperature was equal to air temperature. Air velocity was measured at the manikin's position without a thermal
manikin at three levels within the occupied zone. Measured mean air velocity was 0.08 (still air), 0.22, 0.38,
0.56, 0.87, 1.53 m/s. The thermal manikin was exposed under the air movement both from front and right sides.
A total of 216 tests were conducted. Thermal insulation of clothing was calculated based on the combination of
measured skin temperatures, heat losses, and operative temperature.
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Table 1 Characteristics of fabrics
Garment

Number

Material

Weave

(%)

Thawp
Shalwaar
Goutra
Abah
Hijab
Dress
embroidered
Boubou
Kurta-short
Shalwaar
Kurta-long
Shalwaar
Saree
Chori
Petticoat
Kameez
Gayo
lace
Sarong(Gayo)
Kebaya
with lining
Salong(Kebaya)
Rajchapratan
Jongrabe
Socks
Chakri Blouse
Paa-sin
with lining
Sabai-tulle
Sabai-lace
Hanpo
underwear
underpants
Samue
Jinbei
Yukata
Obi
Aozai
Quan
Aloha
Muumuu

1.1
1.2
1.3
2.1
2.2
2.3
2.4
3
4.1
4.2
5.1
5.2
6.1
6.2
6.3
7
8.1

1.1
cotton (100)
1.2
cotton (100)
1.3
2.1 polyester (1 00)
2.2
2.3
silk (100)
2.4
3
cotton (1 00)
cotton ( 100)
4.1
4.2
cotton (100)
silk (100)
5.1
5.2
cotton (1 00)
cotton (100)
6.1
6.2
6.3
7
cotton (1 00)
cotton (100)
8.1

8.2
9.1

8.2
9.1

9.2
10.1
10.2
10.3
11.1
11.2

9.2
10.1
10.2
10.3
11.1
11.2

11.3
11.4
12.1
12.2
12.3
13
14
15.1
15.2
16.1
16.2
17
18

11.3
11.4
12.1
12.2
12.3
13
14
15.1
15.2
16.1
16.2
17
18

cotton (100)
silk (100)
cotton (1 00)

silk (100)
silk (100)
silk (100)
cotton (1 00)
cotton (100)
cotton (1 00)
cotton (100)

cotton (100)
cotton (100)

Plain
Plain
Plain
Plain
Plain
Plain

Density
woof
weif
(number/em)
(number/em)
43
71
40
30
17
20
19
16
29
30
25
28

Plain
Plain
Plain
Plain
Plain
Plain
Plain
Plain
Plain
Plain

38
26
26
26
32
22
29
27
36

30
32
24
24
24
39
45
30
32
28

Plain

31

43

Plain
Twill
Plain
Kni t
Plain
Plain
Plain

40
24
20

28
25
20

24
28

20
24

Plain
Plain
Plain
Plain
Plain
Plain
Plain
Plain
Plain
Plain
Plain

20
37
24
28
28
32
37
35
30
29
26

29
39
25
22
19
25
20
36
31
27
25

44

Thickness Air Permeability
(mm)
0.28
0.58
0.44
0.16
0.74
0.28
8.80
0.36
0.52
0.56
0.92
0.56
0.72
0.86
0.70
0.24
0.48

0.82
0.42- 0.66
1.02-1.24
0.68
0.82
0.42
2.84
0.40
0.86
0.20
0.36
3.42
0.32
0.42
0.32
0.82
1.22
0.76
3.54
0.32
0.32
0.76
0.78

(cclcm 2 s)
22.7
101.3
228.4
51.3
138.5
75.4
29.1
63.3
95.4
117.2
49.9
117.2
332.0
38.1
61.5

123.4
121.9
37.0
67.5
36.0
36.8
36.7
41.6
25.8
23.7
34.0

59.9
38.8
196.6
81.1
10.2
2 1.9
41.9
88.8
18.6

CLOTHING INSULATION
The heat transfer between skin and environment through clothing is expressed as:
It= (ts,cl - to)/0.155 Qt
... 1)
... 2)
Ia =(ts,n- to)/0.155 Qa
1cl =It - Ia I fcl
... 3)
fcl =1 + 0.3 lcl
...4)

where
Ia : Thermal resistance at skin surface (clo)

lei: Basic clothing insulation (clo)
It: Total clothing insulation (clo)
Qa : Sensible heat loss from skin surface nude (W/m2)

Qt: Sensible heat loss from skin surface (W/m2)
fcl : Clothing area factor (-)
ts: Skin temperature (n, nude, cl, with clothing) (deg C)
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Thawp
Quan-Ao
Thai -Chakri
Aloha
Figure 1 Some examples of the eighteen traditional clothing
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Figure 2 Air Permeability of Fabrics

Under steady state conditions, heat supplied to the manikin by the heating elements equals the heat loss from the
skin surface. Thus heat loss per unit skin surface area can be derived from the electricity consumption of each
part.

EXPERIMENTAL RESULTS
In Table 2 total and basic clothing insulation at air velocities of 0.08 m/s and 0.87 m/s are shown. Total clothing
insulation of eighteen combinations were decreased 26-42% and those of basic clothing insulation were
decreased 16-43% compared with those at 0.08 m/s.
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Table 2 Clothing Insulation under still air and 0.87 mls air movement.

Ensemble

lt (la)[cloj

lei {clo}
:87mls

nude
1. Thawp
2. Abah
3. Boubou
4.Kurta.:s
5.Kurta.l
6. Saree
7. Kameez
8. Gayo
9. Kebaya
10. Racha
11. Chakri
12. Hanpo
13. Samue
14. Jinbei
15. Yukata
16. Quan
17.Aloha
18. Muumuu

1.37
1.69
1.1'9

.61
.94
.45
.38
.52
.54
.43
.48
.43
.47
.38

u -s
1.31
1.22
1.24
1.29
1.29
1.27
1.24
1.49
1.22
1.10
1.16
1.12
1.01
1.09

.77
.43
.27
.43
.36
.21
.30

Figure 3 illustrated the relationship between air velocity and basic clothing insulation of No.16 Quan. Good
correlation was obtained between air velocity and clothing insulation. Decrement of basic clothing insulation
was observed at even lower air velocities than that of conventional western type of clothini>. Effect of wind
direction on thermal insulation was found, but its difference was relatively small.

0.

60r-----:----:----:--~-~--:---r----.

~ 0. 55 .............t············f··········+·········+· -e- Icl-Frontt············

~a. 50

i--·i········/1 i

Icl- righ+·········

1:: :: : ::1~-~=~:r- r~ r :r : r :: :
l o. 35 ·············l············f··········+···········l···9........;..
..c
~0

'"

~

.

3
0. 0

:

:

:

:

0. 2

0. 4

:

:

.

:

:

:

:

0. 6

0. 8

1. 0

Air Velocity

1. 2 1. 4

1. 6

[m/ s]

Figure 3 Basic clotliing insulation Quan (No.16) as a function of air velocity

Figure 4 shows total (It) and basic (Ia) clothing insulation and thermal insulation of air layer at clothing surface
(Ia) of No.14 Jinbei. According to the increment of air velocity from 0.08m/s to 0.87m/s thermal insulation of air
layer was decreased 40% and basic clothing insulation (lei) was 41%. If we assume Jinbei is made of
impermeable material, total thermal insulation might be 0.84 clo. Figure 5 shows the basic thermal insulation at
16 body parts of Jinbei. Not only clothing material but also clothing design and structure affected decrement of
clothing insulation at each body part.
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It= 1.10

unit(clo)
It= 0.84
It= 0.64

lei
0.27

0.08m/s
measured

0.87m/s
assumed no
air permiability

0.87m/s
measured

Figure 4 Clothing Insulation of Jinbei (No.14)

THERMAL COMFORT EFFECTS
The effect of traditional clothing on thermal comfort under air movement was examined by using SET*(3). Here,
result of No.l4 Jinbei is shown as one example in Figure 6. Calculated SET* was shown as a function of air
velocity. Air temperature was assumed at 34 deg C and mean radiant temperature was equaled to the air
temperature . Relative humidity was 50%RH and sedentary activity. For comparison was shown for no air
permeability Jinbei. Jinbei shows quite big cooling effect by air movement, at 1.0 m/s air velocity the difference
of SET* was 1.5 deg C.
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CONCLUSIONS
Eighteen different traditional clothing were collected mainly from East Asia region, where climatic conditions
during the summer season are characteristically hot and humid. Their clothing insulation was measured under
different air velocities. It was found that traditional summer clothing provided much cooler conditions for the
wearer than did modern clothing styles. The paper highlights the importance of clothing for optimising passive
cooling effects.
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KEEPING COOL IN THE TROPICS WITH AIR MOVEMENT

Alison G. Kwok
Department of Architecture, University of Oregon, Eugene, Oregon, 97403-1206

ABSTRACT
The comfort standards ASHRAE Standard 55 and ISO 7730 (1) specify exact physical criteria for "acceptable"
thermal environments. It is often difficult to comply with these criteria, however, particularly in hot and humid
tropical climates such as Hawaii's. Temperate climate, climate-controlled based standards appear inappropriate
for tropical climates. Thermal comfort experiments were conducted in Hawaii in both naturally ventilated and airconditioned classrooms during two seasons. Over 3,500 student survey responses were collected while indoor
climate variables were simultaneously measured. Results indicated that more than 75% of the classrooms were
not within comfort zone prescriptions. Air-conditioned classrooms were overcooled, causing half of the
occupants to experience cool thermal sensations. Although many naturally ventilated classrooms were 3-4°C
warmer than comfort zone criteria, occupants found conditions acceptable. Subjects assessed air movement in
terms of preference (want more air movement, less air movement, or no change) and acceptability. Although the
majority of air-conditioned subjects preferred "no change" in the ambient air movement conditions they
experienced in their classrooms (0.15 m/s), almost a third wanted more air movement. Why would these airconditioned occupants who experienced "slightly cool" thermal sensations prefer more air movement while they
were in conditions beyond the cool boundary of the comfort zone? As expected, occupants in naturally ventilated
environments preferred more air movement during the hot season than during the cool season. Roughly half of
the thermally comfortable occupants in naturally ventilated environments wanted more air movement even as
they experienced air velocities beyond the 0.2 m/s draft limit of Standard 55. Results from this study will suggest
that the Standard's draft criterion be reexamined in the context of naturally ventilated buildings.

INTRODUCTION
This paper examines the relationship of comfort and the physical environment in naturally-ventilated and airconditioned classrooms in Hawaii, a locale presenting and interesting juxtaposition of parameters. The benign
tropical climate makes it technically feasible to avoid air-conditioning, through the use of properly designed,
naturally-ventilated buildings. Hawaii's dependence on imported petroleum fuel and exorbitant electricity costs
might serve as economic impetus for passive, low-energy designs. A key challenge, however, is to balance
escalating expectations and desires for air-conditioning with building performance economics.

Objectives: The principle goal of this study is to examine the application of the thermal comfort standard in a
tropical climate. The study included: I) characterizing the physical environment of two typical conditioning
regimes (naturally-ventilated and air-conditioned classrooms); 2) comparing classroom physical conditions with
thermal comfort standards; and 3) evaluating personal thermal comfort in terms of air movement, humidity and
other environmental factors such as air quality, acoustics and spatial comfort.
Climate in Hawaii: Hawaii's archipelago stretches over many miles in the Pacific Ocean, from the southern tip of
the island of Hawaii at l8.0°N latitude to the northern coast of the island of Kauai at 22.15°N. Hawaii lies within
the tropical zone (Miami is 500 miles further north) and has only a total area of 10,380 square kilometers. There
are two seasons: "summer," between May and October and characterized by warm, dry weather and steady
tradewinds; and "winter," between October and April and characterized by cool, rainy periods and intenupted
tradewinds (2). Mean temperatures for the summer and winter seasons are 27°C and 22°C respectively; maximum
temperatures during the summer season frequently reach 34°C. Relative humidity ranges between 50-85% during
the year (3).
·
Schools and Subjects Surveyed: Six schools participated in the study -- two private schools (one air-conditioned
and one naturally-ventilated), and four public schools (three naturally-ventilated and one with eight naturallyventilated classrooms and two air-conditioned classrooms). Altogether, 29 science classrooms were studied, 20
naturally-ventilated and 9 air-conditioned. All naturally-ventilated school buildings had similar orientations to the
prevailing northeast tradewinds. The air-conditioned classrooms were originally naturally-ventilated and later
retrofitted with packaged air-conditioning units. 3,544 occupant questionnaires were collected during the hot and
cool seasons. Roughly two-thirds of the respondents were from the naturally-ventilated classrooms and one third
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from air-conditioned classrooms. Classes typically contained approximately 20 students, although a few classes
were as small as 7 students and as large as 33. The study was conducted in September and October (hot season)
1995 and January and February (cool season) 1996.

METHODS
Instrumentation: While the respondents answered the questionnaire, a compact indoor climatic measurement
system recorded measurements at a height of 1.1 meters (43 inches) above the floor during classroom visits,
automatically collecting climatic parameters of thermal comfort (ambient air temperature, globe temperature, and
air velocity) and non-thermal variables (carbon dioxide and particulates). The instrumentation remained
stationary in the classroom for the duration of the classroom visit. A transducer measured both temperature and
relative humidity. The temperature sensor is accurate to within 0.2°C and has a time-constant of several seconds.
The accuracy of the relative humidity sensor is better than 5%. To measure globe temperature, a globe
thermometer was constructed using a 38-millimeter table tennis ball and thermocouple wire. Globe temperature
was converted to mean radiant temperature using equation number 21 from section 13.26 in the ASHRAE
Handbook of Fundamentals (4). Operative temperature is calculated as the average of dry bulb temperature and
mean radiant temperature. An omni-directional, temperature-compensated anemometer measured air velocity.
This anemometer did not have a fast enough response time to accurately estimate turbulence in indoor air flow. A
guard made of baling wire formed a protective cage around the tip of the anemometer to prevent accidental
bumps in the classroom environment.
Questionnaire: The comfort survey had four sections: a) current status of thermal comfort, b) past environmental
conditions, c) clothing, and d) demographic information. Respondents were asked to subjectively rate their
thermal sensations while in their current and immediate classroom environment in several ways: 1) against the
ASHRAE Thermal Sensation Scale, a continuous seven-point scale; 2) against the Mcintyre Preference Scale
("Right now I would prefer to be: cooler, no change, warmer"); 3) a general comfort scale question asked
subjects to rate overall classroom comfort, ranging from "very uncomfortable" to "very comfortable"; 4) a direct
thermal acceptability question asked occupants to respond "acceptable" or "unacceptable". Humidity, air
movement, air quality and acoustics were also rated on preference and acceptability scales. Metabolic heat
production was assumed to be light activity while seated (1.2 met, or 70 W/m2)

RESULTS
Indoor Climate: Air and radiant temperatures ranged from 21.1° to 30.5°C in naturally-ventilated classrooms and
19.8° to 27.0°C in air-conditioned classrooms, during both seasons. Relative humidity reached a high of 82% in
the naturally-ventilated classrooms and 75% in air-conditioned classrooms. Average air velocities in naturallyventilated classrooms were 0.34 m/s and in air-conditioned classrooms, 0.14 mls. Many of the naturallyventilated classrooms used ceiling and standing fans, in which case velocities averaged as high as 0.72 m/s.

In Figure 1, temperature and humidity combinations for class visits (rather than individual frequencies) are
superimposed over the criteria specified by ASHRAE Standard 55-1992. More than 75% (139 of 182 classroom
visits) of the total number of classroom visits did not meet the Standard's comfort zone requirements. Ninetytwo percent (94 of 102 visits) of naturally-ventilated classrooms had warm and humid conditions for both
seasons, well outside of the of the Standard's prescriptions. Only half of the class visits to air-conditioned
classrooms had conditions within the boundaries of the comfort zone.
Thennal Comfort Responses: Table 1 shows mean subjective assessments of indoor climates. Mean thennal
sensation votes on ASHRAE's seven-point scale for air-conditioned occupants were much cooler than for
naturally-ventilated occupants. The mean comfort vote by naturally-ventilated occupants was slight warmer than
neutral. The mean comfort vote recorded by air-conditioned occupants occurred at -0.9, with approximately twothirds voting cooler than neutral. It was also found by direct measures of acceptability, 86% of naturallyventilated and 92% of air-conditioned occupants considered their classrooms conditions comfortable. A
discussion of thermal sensation, acceptability, preference and naturally-ventilated and air-conditioned thermal
neutralities are explained in previous papers (5, 6).
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Table 1: Summary of Su rvey Responses
Number of Visits/Sample Size
T hermal Sensation (-3 to +3)
Std dev
Min
Max
T hermal P refer ence (!=want cooler; 2=no change; 3=want wanner)
Std dev
Min
Max
Genera l Comfort (l=very uncomfortable; 6=very comfortable)
Std dev
Min
Max
Air Movement Preference (l=less air; 2=no change; 3=more air)
Std dev
Min
Max
Air Q uality (l=very fresh; 7=very stale)
Std dev
Min
Max
Hu midity Preference (l=want drier air; 2=no change; 3=more moisture)
Std dev
Min
Max

mean

mean

mean

mean

mean

mean

NV
102/2181
0.2
1.3
-3.0
3.0
1.5
0.6
1.0
3.0
4.2
1.1
1.0
6.0
2.5
0.6
1.0
5.0
3.7
1.3
1.0
7.0
1.7
0.6
1.0
3.0

AC
80/1363
-0.9
1.1

-3.0
2.5
2.0
0.7
1.0
3.0
4.5
1.0
1.0
6.0
2.3
0.5
1.0
3.0
4.2
1.2
1.0
7.0
2.0
0.5
1.0
4.0

Air movement preference and acceptability: In addition to thermal assessments, subjects also responded to questions
about air movement in terms of preference and acceptability. Subjects could answer in three ways to the air movement
preference question: "want more air movement," "no change," and "want less air movement". A majority (63%) of all
air-conditioned subjects preferred "no change" to the ambient air movement conditions they experienced in their
classrooms (0.15 m/s), yet almost a third wanted more air movement. Approximately half (45%) of the naturallyventilated occupants preferred "no change" and half (52%) preferred more air movement, as expected during the hotter
season. Responding to the direct acceptability question, 80% of all naturally-ventilated subjects found air movement
"acceptable", as did 89% of the air-conditioned subjects.
Draft limit of Standard 55: While thermal environments cannot possibly please everyone (hence the Standard's criterion
of 80% acceptable) (7), some of the dissatisfied subjects may be uncomfortable because of sources of local discomfort
such as excessive air movement. Standard 55 specifies both an air movement limit of 0.2 rnls and a "draft
dissatisfaction" criterion not to exceed 15% (85% acceptable). Higher air speeds are acceptable in an extended zone up
to 0.8 m/s "if the person has individual control of the local air speed" and "to increase temperatures to 3°C above the
comfort zone." Figure 2 shows how subjects voted using the 85% acceptability criterion for Standard 55's draft limit,
superimposed on a chart of temperature versus airspeed. The base and extended comfort zones are also shown. Although
most of the naturally-ventilated occupants voted thermal conditions acceptable, approximately half of all naturallyventilated classrooms did not meet the draft dissatisfaction criterion. For the 63 classroom visits where temperatures
were outside of the extended comfort zone boundaries, 56% of those polled expressed dissatisfaction with the air
movement.
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Figure 1: Indoor climate conditions on ASHRAE 55-1992 revised summer comfort chart.
(symbols represent the average response for an individual classroom visit)

Although the majority of air-conditioned occupants did not want any change in air movement, approximately 33% of
those thermally dissatisfied (too cold) wanted more air movement. Why would the air-conditioned occupants who
experienced "slightly cool" thermal sensations (-0.9) prefer more air.movement while they are in conditions beyond the
cool margin of the comfort zone? An analysis of those thermally dissatisfied occupants (Table 2) gives rise to several
interpretations: 1) subjects felt cold and interpreted the question as wanting warm outside air moving through the space,
2) subjects wanted to feel even cooler because "slightly cool" thermal sensations felt warm to them, 3) subjects desired
air movement in and of itself, independent of its general cooling effect, or 4) subjects considered air to be "stuffy" and
desired air movement to improve air quality conditions.
Thermally dissatisfied occupants in naturally-ventilated classrooms not only preferred cooler conditions, but the
majority (98%) wanted more air movement (Table 2) Since most of the classroom physical conditions were located
beyond the upper boundary of the comfort zone (Figure 1) it is not surprising that occupants preferred more air
movement for thermal comfort.
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Table 2: Cross-tabulation of air movement and thermal preference for dissatisfied occupants (voting "not
acceptable" for the thermal acceptability question)
Naturally-Ventilated
Thermal Preference Scale
Right now I would prefer to be:
Air Movement
Preference
Less air movement

Cooler

63%
(5)
No change
53%
(23)
More air movement 98%
(248)
Column
91%
Totals
(276)

No Change Warmer
0%
(0)
12%
(5)
0%

37%
(3)
35%
(15)
2%

(l)

~4)

2%
(6)

7%
(22)

Air-Conditioned
Thermal Preference Scale
Right now I would prefer to be:
Row
Totals
(8)
(43)
(253)
100%
(304)

Cooler

No Change Warmer

6%
(1)
6%
(3)
76%
(32)
33%

0%
(0)
0%
(0)
0%
(0)
0%

~36)

~0)

94%
(17)
94%
(47)
24%
(10)
67%
(74)

Row
Totals
(18)
(50)
(42)
100%
(110)

DISCUSSION
Compliance of the sets of conditions in Hawaii classrooms with ASHRAE Standard 55 was poor. Seventy-five percent
of classroom environments did not fall within the comfort zone, often exceeding the warmer margin of the comfort
zone by 4°C. Forty-four percent of air-conditioned classrooms (hypothesized to fall within the Standard's prescriptions)
had comfort zone conditions. Air-conditioned classrooms were often 4°C cooler than the cool margin of the comfort
zone. This distribution of frequencies is typical, and clearly shows the difference between naturally-ventilated and air
conditioned spaces.
The majority (98%) of thermally dissatisfied, naturally-ventilated occupants who preferred cooler conditions, also
preferred more air movement (Table 2). When asked directly about air-movement acceptability, the majority considered
the conditions unacceptable. Arens et al. reported air movement preference and acceptability of air velocities as high as
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1.4 m/s for cooling by occupants (at 1.2 met) with individual control of air movement (8). Although the Hawaii data did
not show air velocities above the allowable 0.8 m/s limit, occupants desired higher levels of air movement, regardless of
the draft limit restriction. Strictly speaking, Standard 55 does not apply to naturally ventilated schools because
individuals do not have control over ceiling fans or window operation. Naturally-ventilated subjects were also more
discerning of humidity than their air-conditioned counterparts, an important factor particularly in the hot and humid
tropics where higher air speeds are necessary for convective cooling. If, as I believe, expectations of air movement in
naturally-ventilated spaces are for irregular patterns, then draft may be less of a concern, since air movement in
naturally-ventilated spaces is typically dynamic and fluctuating. The current draft limit is based on draft risk in airconditioned spaces, suggesting that the Standard's draft criterion be re-examined in the context of naturally-ventilated
buildings.
Lessons learned from schools in the tropics may offer key contributions toward modifying future comfort standards and
bolsters our understanding of the intrinsic value of naturally-ventilated buildings. Previous thermal comfort field studies
have been predominately conducted in office environments, a study domain with narrow behavioral and environmental
response patterns (little or no transient effects, minimal metabolic changes, limited adaptive behaviors and restrictive
dress norms). Transient effects and metabolic changes experienced by students moving in and out of classrooms during
the course of a typical day may influence thermal responses. Clothing adjustments, one of the few adaptive mechanisms
available to school occupants, occur frequently. The relaxed dress codes of students gives greater breadth to sampled
populations in thermal comfort studies. Modification of comfort standards would likely lead to savings in operational
air-conditioning costs by raising target temperatures.
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FIELD STUDY TO CALIBRATE AN OUTDOOR THERMAL COMFORT INDEX
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ABSTRACT
A large number of studies have been carried out on the thermal comfort of people in indoor spaces, but to date,
very little work has been done on outdoor thermal comfort. In the absence of an empirical basis for outdoor
comfort, workers interested in modelling and predicting outdoor thermal perceptions have simply resorted to
using the well-known indoor standards and models such as IS0-7730 (1), ASHRAE 55-92 (2), PMV and ET*.
This strategy of course assumes that thermal perception is independent of context - indoor versus outdoor. For
example, that an effective temperature (ET*) of 28°C indoors feels equally uncomfortable outdoors as it does
indoors. But common sense suggests this might not be so valid - why do holiday-makers deliberately seek out
thermal environments that would rate "off the scale" if they were encountered indoors?
This project aims to provide a solid empirical basis for the subjective scaling (or psychometrics) of outdoor
thermal environments. The latter has been represented by an index (OUT_SET*) which incorporates parameters
of air temperature, wind speed, relative humidity, solar radiation and IRradiation (see ICB-ICUC'99 papers by
Pickup and de Dear [3]). The independent variables in this project are subjective responses (rating scales etc)
from a large sample of human subjects in outdoor settings in Sydney. Field survey locations include a variety of
outdoor and "semi-outdoor" spaces such as open-air railway station platforms, public parks and open shopping
malls. The results of this study will be of interest to planners, designers and engineers involved with "semioutdoor" spaces, such as sporting stadiums where the thermal conditions experienced are similar to outdoor
spaces except for some radiant shielding and perhaps some shelter from wind.

INTRODUCTION
One of the earliest reasons for finding or constructing shelter was for protection from the elements. Initially,
structures were simple, offering only basic protection. These simple structures had only a minor effect on the
ambient environment. Over time, with increasing knowledge and technology, structures of increasing
complexity have evolved, culminating in completely controlled indoor environments. With this ability to control
has come the need for guidelines and over the last century, much work has been done in defining an acceptable
indoor climate. Initially, these comfort "limits" were defined simply by air temperature, but it became
increasingly obvious that other factors, both environmental (wind speed, humidity and radiant temperature) and
personal (activity and clothing), were also important in determining comfort. These six parameters are
understood as the main parameters influencing the thermal comfort of humans.
The modification of the indoor climate is relatively simple compared to the outdoor climate due to the smaller
spaces involved and the relatively homogenous nature of the indoor environment. It is well known that the
outdoor environment is not homogenous, that is, the conditions experienced at one location can be vastly
different from the conditions only a few metres away. This is especially true in the urban environment.
Although the outdoors is much more complex than the indoor environment, it is still possible to modify the
outdoor microclimate for a number of purposes including the creation of a thermally acceptable environment. In
the outdoors, it is virtually impossible to significantly alter the temperature and relative humidity due to efficient
mixing in the lower boundary layer, but alteration of the energy balance and wind flow can have a significant,
and hopefully positive impact on thermal comfort (4).
While the study of indoor environments has been the focus of a the majority of comfort studies, a need for
similar studies in outdoor settings has been recognised. The range of environmental conditions outdoors is
considerably wider than the conditions experienced indoors -just as is expected. Because the expectations of
outdoor climates are different, surely this must influence the perception of what conditions constitute a thermally
acceptable environment? While a number of theoretical comfort studies have been performed in outdoor
environments (eg 5,6,7,8), the data collected in this project is among the first subjective data collected in an
outdoor setting.

METHODS:
Munn (9) suggests that all human thermal comfort studies should consist of three sets of measurements monitoring of the physical environment, concurrent subjective human responses to the physical environment and
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physiological measurements of blood pressure, pulse rate etc. Due to the nature of this experiment, it was not
possible to record physiological parameters, however, both the environmental parameters and the subjects
responses were recorded as described below.
On the basis of the new OUT_SET* (3) index, it was determined that the required variables to be measured were
air temperature (Ta), relative humidity (RH), global and diffuse shortwave radiation
(K-.lt and D-.lt,
respectively), reflected global shortwave radiation (K1'), air speed (vel) and atmospheric and surface emitted
infrared radiation (L-.lt and L1', respectively) . These variables were recorded by the instruments shown in Table
1. The instruments were mounted on a tripod and connected to a datalogger and the entire set-up was nicknamed
"TROJAN" (Figure 1).

Figure 1: "TROJAN"- setup of instruments to record the environmental parameters. Top plate is hinged
so that the instruments can be pointed towards the ground in order to measure reflected shortwave
radiation and infrared radiation emitted from the ground.

Table 1: Variables measured and the instruments used to measure them
Variable

Instrument

Ta
RH
K-.lt,K1'

Linear composite thermistor
Solid state hygrometer
Silicon pyranometer #1
Silicon pyranometer #2 shaded with matt black disc
Omnidirectional heated sphere anemometer
3-cup photo-chopper anemometer
Pyrgeometer

D-.lt
vel (air speeds <= 2.5 ms- 1)
vel (2.5 <air speeds< 10 ms- 1)
L-.lt, L1'

In addition to these environmental variables, several personal parameters which could not be simply measured
were required for OUT_SET* and this was achieved by the use of questionnaires. As these questionnaires were
to be completed by the average "man-an-the-street" as opposed to indoor office workers who were essentially
completing them as part of their paid work, the whole process needed to be completed in under a minute to
maximise participation rates. The questionnaire items included:
• thermal sensation [ASH] (using the ASHRAE 7-point scale ranging from -3[cold] to +3 [hot])
• thermal preference [MCI] (warmer/no change/cooler)
• air movement preference [A VM] (more wind/no change/less wind)
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• sun preference [SPF] (more sun/no change/more shade)
• clothing [CLO] (simplified into 8 clothing groups - shorts/skirt; jeans/other long pants; jumper and/or jacket;
vest or singlet top; short sleeved shirt; long sleeve shirt; shoes and/or socks; sandals or thongs - underwear was
assumed and added later, also clothing weight was noted by the interviewer as light, medium or heavy)
• activity [ACf30] (main activity over the previous 30 minutes- sleeping, sitting, standing or walking).
The gender of the subject and the date/time the questionnaire was completed were also recorded and the
timestamp was used to merge the "TROJAN" data with the questionnaire data after it had been manually entered
into a spreadsheet.
The questionnaires were collected at five different outdoor and semi-outdoor locations over the Sydney
metropolitan area and are described in table 2.
Table 2: Location of field data collection
Location (Loc. Code)

General Description of location

Eastwood Rugby Club

Grass surface, light tan brick wall -4m east, open to north and south and west, no
shade cover

(ERC)
Epping Railway Station

Black asphalt surface, platform in a "valley" with vegetated wall -5m east and dark
brick wall -lOrn west, dark brick wall -4m south and stairs -4m north, corrugated
iron shelter

(ERS)
Epping Bus Interchange

Dark cement surface, native vegetation directly west, open east, large bush -5m
south, bus shelter with corrugated iron cover directly north, shaded by vegetation
and bus shelter

(EBI)
Circular Quay

Dark red/brown paved surface, vegetation -3m west, paving for -6m east,
buildings -50m south and -lOrn west, open to the north, no shelter

(CQY)
City Corner

Dark red/brown paved surface, curved glass wall from -6m west to -1Om north,
square brick pillar -4x4m directly east, road -6m south, shaded by blue glass -8m
above

(CCR)

RESULTS
The data was broadly divided into winter (1 51 April- 30!11 September) and summer (1 51 October - 31$1 March) and
at the time of writing, the sample size was 318 (winter) and 95 (summer). Due to the presently small sample
size, this paper will concentrate on the winter sample. Summary statistics of the measured/calculated variables
and personal parameters are shown in tables 3 and 4, respectively.
After quality controlling the data, the Mean Radiant Temperature (MRT) was calculated using the OUT_MRT
model (10) and selected thermal comfort indices such as ET*, SET* and PMV were calculated (11). Probit
analysis was then carried out on Ta, ET*, SET* and TOP.
Tab le 3: Summary of measured a nd calculated var iables

D.JWm"

2

K.J-

L.J-

K1'
2

Wnz"

Wm"

2

L1'
2

Wm"

Wm"

Ta
2

RH

vel

MRT

ET*

SET*

oc

%

ms·

oc

oc

oc

1

PMV

Aver age

45.7

58.4

9.6

407.2

409.4

19.2

64.8

0.68

19.9

20.5

21.3

-1.2

St. dev.

49.4

75.5

20.6

35.7

28.3

3.4

11.2

0.44

5.7

4.5

4.9

1.5

Max

315.8

350.0

350.0

505.6

477.0

28.2

89.9

1.99

38.1

33.9

35.8

2.1

Min

3.7

3.6

0.2

350.0

350.0

13.6

40.3

0.06

8.2

14.1

6.5

-6.8

NB: It should be noted that the low values of shortwave radiation are due to the fact that most survey locations were covered
by some form of radiant shield such as vegetation and corrugated iron.
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Table 4: Summary of personal parameters
Activity (met)

Clothing
Insulation ( clo)
0.84
0.26
1.5
0.42

Average
St. Dev
Max
Min

1.32
0.44
2
0.8

Figure 2 shows the frequency of votes collected from the questionnaires for thermal sensation (ASH), thermal
preference (MCI), air movement preference (A VM) and sunshine preference (SPF) for the winter sample.
a) Votes on the AS H R AE Scale
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Figure 2! Frequency of votes a) on the ASHRAE Scale (Thermal sensation); b) of thermal pr eference; c) of
air movement preference and d) of sunshine preference.

The results of the probit analysis (figure 3) show the neutral temperatures defined in terms of air temperature
(Ta), the new effective temperature (ET*), the standard effective temperature (SET*) and operative temperature
(TOP). The probit model produced similar neutral temperatures for ET* (27.1 °C), SET* (28.8 °C} and TOP
(26.6 °C) and a neutral temperature of24.7 °C in terms ofTa. The fiducial limits for all indices had a range of
-5 oc with the widest range being for Ta at 5.9°. This result however was found to be statistically
insignificant.The fiducial range of SET* was 5.4 oc but was significant with a Pearson Chi-Square statistic of
Prob > Chi-Sq of 0.23. The model also produced highly significant correlations for both TOP and Ta with
Pearson Chi-Square statistics of 0.67 and 0.78. On these results the thermal sensation scale appears to have been
answered in relation to the thermal sensation of the subjects exposed hands or face in response to the
environmental temperature, rather than their whole body thermal sensation taking clothing insulation and
shortwave solar load into account. This would explain the high neutral temperature in the case of thermal
indices having clo and/or MRT as an input.
In order to determine if thermal sensation differs in an outdoor setting compared to an indoor setting, it is
necessary to evaluate the results according to indoor standards. Using the average values recorded for RH, vel,
clo and met, the value of TOP (average of MRT and Ta) was altered until PMV equaled zero. It was found that
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thermal neutrality occurred at TOP = 24.1 °C. The predicted neutrality calculated from equations from the
adaptive comfort model (12) was found to be TOP = 25.8 oc for air-conditioned buildings and 25.0 oc for
naturally ventilated buildings. The observed neutrality deduced from the pro bit analysis was found to be 27.3

oc.
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Figure 3: Probit analysis for the sample comprising questionnaires collected during the months of April
through July inclusive.

CONCLUSION:
Subjective outdoor thermal comfort field data was collected from 5 different outdoor and semi-outdoor locations.
The subjective results were associated by time stamp to concurrent micro-meteorological measurements in order
to determine if thermal sensation in outdoor environments differs to that in indoor settings. The aim was to
determine if indoor thermal comfort standards could be applied to outdoor comfort studies. It was found that the
PMV-based predicted neutrality using averages of measured values of met, clo, RH and vel was 24.1 °C. The
predicted indoor neutrality calculated from the adaptive model was found to be 25.0°C for naturally ventilated
buildings, but the neutrality observed in outdoor and semi-outdoor spaces in this project were above 27°C. On
the basis of these preliminary results it appears that outdoor thermal sensation is percieved differently to that
indoors and hence it would seem that indoor thermal comfort standards are not applicable to outdoor settings.
Therefore, the collection of subjective responses is essential in determining a separate standard of human thermal
comfort which can be used in an outdoor or semi-outdoor environment.
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ABSTRACT
A human being must sometimes act or stay in an uncomfortable environment (too high or too low temperature,
contaminated, toxic atmosphere, etc.) without having the option of changing type or amount of clothing. Besides,
adj usting the environment, varying the amount of heat emitted through the skin surface into the environment is
restricted. In such cases it is of primary importance to determine the time period available to a subject to remain
under such unfavorable conditions. This paper presents a method for determining the permissible exposure
period without risk of overcooling or overheating.

INTRODUCTION
There are situations in which one is forced to enter extremely dangerous situations such as fire fighting, people
rescuing from burning buildings, work in the open air at low temperatures, work in open or closed contaminated
areas, etc. In such situations it is usually impossible to adjust the amount of clothing to suit the circumstances.
That means that there is no additional layers of clothing available in case of the body cooling down and no
possibility of changing clothing in contaminated areas due to the risk of respiratory tract or skin toxication
(poisonous gases, etc.). It is therefore very important to be able to predict the time period (the tolerance interval)
available to a subject in such dangerous conditions without suffering any serious harm.
It is very difficult to precisely determine the tolerance interval due to the influence of many diverse parameters,
such as air temperature and humidity, wind velocity and direction, quantity and quality of clothing, its style and
shape, its state (wet or dry), quality of its outer surface (air and vapor permeability, waterproof, etc.), type and
intensity of work performed, the subject's observed mental and physical state, etc.
An empirical solution based on observations of exposed subjects is not possible in contaminated areas due to the
risks for the subjects. It is easier and more cost efficient to calculate the tolerance interval for any given situation
and to verify the model by testing only a few typical states on subjects.
The method for determining the tolerance interval for any state of the environment, clothing and subjects is
presented. Certain presumptions which are not always in accordance with actual situations (e.g. angle of wind
direction, protection of extremities, thermal insulating value of body, influence of clothing outer layer on sweat
transmission, etc.) have been taken into consideration. Despite these deficiencies the method can be used in
actual situations, particularly if accompanied by additional tests on subjects for some of the more common states
that might occur in extreme circumstances.

METHOD
We are investigating the situations in which overheating or overcooling of a subject's body may occur. The
situations resulting from fire will not be dealt with due to quick and drastic changes of temperature and very short
times available for acting.
The subject is initially in the zone of comfort. After a while the situation may change and the subject begins to
warm up or to cool down. The basic presumption is the unchangeable composition of clothing. The subject has
no additional pieces of clothing to put on in case of cooling down (e.g. mountaineering) and no possibility of
taking off any layer of clothing in case of warming up (contaminated area). We also presume that the subject
performs the activity with constant intensity and therefore generates constant amount of heat, as well as that
his/her extremities are protected equally as other parts of his body. It is also assumed that heat exchange is
conducted through a flat surface and that the air is not saturated. Hence, the humidity of the air is low enough at
given temperature of the environment that the fog and/or the ice particles in the air can not occur.
T he thermal resistance of clothing could be expressed by the well-known equation 1.
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(1)

A motionless air layer at the surface of the clothing also provides certain thermal resistance, depending upon
wind velocity, that may be expressed by equation 2, which is valid in the case when the velocity of the wind is
equal or greater than 1 rnls (1).
R =
Q

0.042
0.4+2...;;

(2)

The total thermal resistance can be expressed by equation 3.
(3)

Thermal resistance of clothing varies with wind velocity, percentage of humidity in clothing and temperature of
clothing. Hence, the coefficient of thermal conductivity Ac in equation 1 could be expressed by the equation 4
valid for the flat surface (2).

(4)
Volume of the air that flows through the clothing is expressed by equation 5.

V =A·h8
Q

=A·(~)B
16

(5)

Overheating or overcooling of a subject's organism occurs when heat generation and emiSSion are in
disequilibrium. When less heat is generated than emitted through skin or clothing into the environment, the
subjects average body temperature decreases. In the opposite case heat is accumulated in the organism and the
body temperature increases. Let us assume that in the infinitesimal short time period dt the differential amount of
heat dQ 1 is generated. Heat Q1 refers to the fraction of generated heat in the body that does not include heat
needed for muscles and internal organs functioning. In the same time period the differentials of heat dQ2, dQ3 and
dQ4 are exchanged. Q2 refers to the fraction of heat exchanged through skin and clothing directly with the
environment in any state of organism, also in the state of comfort or in the process of organism overheating and
overcooling. Q3 denotes the heat used for sweat evaporation and Q4 stands for the heat exchanged during
respiration process. The imbalance of heat transfer in time period dt is denoted as dQb, equation 6.

(6)
The heat dQb is responsible for changing the average body temperature for an amount of dT in infinitesimal time
period dt, equation 7.

(7)

dQb =cb ·Gb ·dT
The equations for generated heat dQ 1 and exchanged heats dQ2, dQ3 and dQ4 could be written as follows.
dQ

I

=TaveR.-Ttnc ·S·dt=q ·S·dt
sc

(8)

I

(9)

(10)

( 11)
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The enthalpy of the humid air could be computed as:

h(T)= (cG +x·c.J(T -T0 )+x·r. ·

(12)

Combining the equations 7-11 into 6 the first order non-linear differential equation of the problem could be
deduced, equation 13.

(t3)
The subject is cooling down when the rate of the average body temperature change is negative and heating up
when the rate is positive. The differential equation of the problem enables one to compute subject's average body
temperature at any time and thus offers the tool to estimate the tolerance interval in which the temperature would
drop under the dangerously low value (e.g. 30 C) or rise over dangerously high value (e.g. 39 C). If the
equilibrium average body temperature is greater then 30 C or lower than 39 C the subject may remain in these
condition theoretically at infinitum. In any case the subject's average body temperature will, theoretically, after
some time reach equilibrium point at which the rate of the temperature change is zero.
In the process of cooling down a relatively small amount of heat is used for sweat evaporation because in this
state the organism excretes or evaporates only a negligible amount of sweat. In the process of warming up,
however, the losses of heat, Q3, due to sweat evaporation are extremely important in order to avoid overheating
and to prolong the tolerance interval. These losses are, therefore, considered in the process of overheating and
neglected in the process of overcooling by introducing the Heaviside function.
Heat Q4 emitted by the subject into the environment during respiration process depends upon the temperature
difference between the body core and the environment, relative humidity in the environment, type and intensity of
the performed activity, number of inhalations and exhalations in a time unit and amount of inhaled air,
respectively. These losses shorten the time needed to reach the critical state in the cooling down process and
extend it in the warming up process.
The generated heat Q1 may be measured or taken from literature. It varies with subject's different intensity of
activities. Nevertheless, we may use an average value that is most probable with regard to the type and intensity
of activity performed by the subject.
RESULTS
Let us consider the example in which the subject exercises walking with normal speed and thus generating
2
q 1 = 600 kJ/m .h. His/her clothing consists of several dry layers having total thickness of de= 0.0043 m and
having coefficient of heat conductivity A.o = 0.2378 kJ/m.h.°C and is designed to ensure permanent comfort at
15 °C environment temperature and still weather. The weather conditions are quite unfavorable with given
parameters: Ten = -20 °C, v = 3 rnls and RH = 65 %. The subject's initial average body temperature is
Tavc = 36.6 °C. All other relevant coefficients could be found in (3). It is visible in Figure I that the subjct's
average body temperature would reach the dangerously low value of30 °C in approximatly 58rnin.
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DISCUSSION
Equation 13 is a general solution for defining the period of time (the tolerance interval) during which a subject
may, without suffering serious harm, perform certain activity in extreme conditions that might lead to the
subject's body overcooling or overheating. Qb (equation 7) is the amount of heat that may be. taken. from the.
subject's body to enable it to cool down to the critical mean value, e.g. 30 °C, or to prevent accumulation of more'
heat than is necessary for increase of the body average temperature to the critical value, e.g. 39 °C. The
presumption is that the protective clothing tightens firmly on openings (end of sleeves, both ends of trousers,
waist, collar, etc.). That is why the value of coefficients is a = b = 1. Otherwise clothing is air and vapors
permeable. Toxic gases are absorbed· by a special active layer (activated carbonized fabric etc.).
It is difficult to determine the velocity of sweat evaporation. In the first approximation we presumed that
sweating and sweat evaporation might be neglected in the zone of comfort and cooling down. In the zone of
warming up (accumulation of heat), however, sweating is intensive and the clothing gets soaked with sweat. The
outer surface of clothing becomes wet. If the outside fabric of clothing is thoroughly wet, it does not permit air
through pores in the fabric, so there is no additional surface (inside surface of pores) available for sweat
evaporation. The velocity of sweat evaporation cannot be generally determined for all states and all compositions
of clothing but should be determined experimentally for each set of clothing separately.
The reliability of the method in view of the effect of wind velocity on thermoinsulating value of clothing has been
verified (3). The results obtained at measuring the change of thermoinsulating value of polar uniform in
dependence of wind velocity were used (1). The presumption was that our method applied to the wind velocity up
to 10.7 rn/s. When we presumed that the flow through uniform was proportional to the wind velocity and that
a= b 1, the deviation from experimental results was about 11 % (4). When we presumed that the flow through
uniform was proportional to the square of wind velocity, the deviation was only 2.5 % (2). The deviation was
however minimal, only 0.2 %, when we used the following values for coefficients a and b: a 1.0262;
b 1.0809.

=

=

=

The effect of wind velocity on total heat resistance of clothing is very important. In the above case its value was
40% smaller at the wind velocity 10.7 rn/s than at the wind velocity 1.3 rn/s. By this comparison our method is at
least partially verified. Namely, the wind velocity is the most difficult·parameter to evaluate.
The parameters necessary to calculate the tolerance interval by equation 13 can be measured by using few basic
laboratory devices, such as: thermal conductivity plate, porosimeter, anemometer (wind), clothing. thickness
meter, precision scales, etc. All measurements can be carried out in two or three days and no superior scientific
knowledge.is req\)ired to interpret the results.obtained.

t.IST'OF SDI·BOI.S

a, b [I] -coefficient illustrating tightening·properties of clothing;
A, B, aO, al., a2 [I] - regression coefficients;
c" [kJ/lcg.0 C] - specific dry air heat;
[kJ/lcg.0 C] - specific body heat;
c,. [kJJkg.0 C]- specific water vapor heat;
d1 [ml- thickness oftheith clothing layer;.
de [m) -clothing thickness;
Gz, [kg]-·body mass;:
G:.,. [kglm3.h] - amount of water in exhaled air;
G:.Wn [kg/m3 .h) - amount of water in inhaled air;
h [Pa) -the air pressure on clothing due to the wind·velocity;
~> [/].- Heaviside function of the argument x;
kr [I] - heat conductivity coefficient I clothing temperature dependence curve coefficient (5)
kw [/] - heat conductivity coefficient I % of humidity in clothing dependence curve coefficient;
Pa [Pa) -partial pressure of dry air in humid air;
q1 [kJ/m2 .h] -specific generated heat in the body;
q2(1) [kJ/m2.h) - specific heat exchanged through clothing as function of average body temperature;
q3(1) [kJ/m2.h] - specific heat used for sweat evaporation as function of average body temperature;
q4 [kJ/m2.h] - specific heat exchanged during respiration process;
Qj [kJ] - generated heat in the body;
Q2(1) [kJ) - heat exchanged through clothing with the environment as function of average body temperature;
Q3(1) [kJ) - heat used for sweat evaporation as function of average body temperature;
Q4 [kJ] - heat exchanged during respiration process;

c,.

32~

Qb [kJ] - debalance of the heat transfer;
Ra [m2.h.0 C/kJ] - thermal resistance of motionless air layer at clothing surface;
Rc [m2.h.°C/kJ] - thermal resistance of clothing as function of average body temperature;
RdJJ [1/lcg. 0C) - dry air gas constant;
Rs [m2.h.°C/kJ] -total thermal resistance;
Rsc [m2.h.°C/kJ]- total thermal resistance in the zone of comfort;
r [kJ/kg] - latent heat of vaporization;
S [m2 ] - body superficies;
t [h] -time;
T [0 C] - average body temperature as the function of the time;
To [0C] - zero temperature, To = 0 °C;
0
TaiiC [ C] - average body temperature in the cone of comfort;
0
T.n [ C] - environment temperature;
Tmc [0 C] - target environment temperature of the clothing designing;
TK [0 C]- body core temperature;
v [m/s]- wind velocity;
Va [m3/m2.h]- velocity of airflow through clothing at defined wind velocity;
VK [m3/h]- amount of exhaled air during the observation time;
Ya [kg/m3] - air density;
J.o [kJ/m.h.0 C] - coefficient of dry clothing heat conductivity in standard atmosphere in still weather;
Ac [kJ/m.h.0 C] - coefficient of clothing heat conductivity;
A; [kJ/m.h. 0 C] -coefficient of heat conductivity of the clothing's ilh layer;
<p = (100- RH)/100, where RH is relative humidity of air expressed in %;
D.Gc [%] - increase of clothing mass due to increase of water in clothing;
M,; [m2.h.°C/kJ] -change of thermal resistance of body superficies in view of state in zone of comfort;
x [kg/kg] - humidity ratio;
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ABSTRACT:
Analysis is presented of 667 thermal comfort data sets gathered from 47 respondents in a group of seven offices
in the Faculty of Architecture at the University of Sydney. Data were gathered at frequent intervals over a period
of two years embracing all seasons. The offices are naturally ventilated and are provided with supplementary ondemand cooling and heating equipment under the control of the occupants. The data sets consist of physical
measurements taken adjacent to each participant's workplace and thermal sensation reports completed
concurrently by the participants. Variations in thermal sensation response were observed in individual reports
over time and also between individuals, suggesting strongly adaptive behaviour over a range of mean daily
outdoor effective temperatures (MOET*) between S°C and 20°C. Acceptable indoor temperatures varied between
l9.5°C and 27°C. However intervention to limit mean indoor temperature to about 24°C was observed when
outdoor MOET* was greater than 20°C. The range of conditions reported as acceptable is compared with defined
comfort zones. Intervention by the use of supplementary cooling and heating equipment is found to be strongly
influenced by MOET*. Substantial energy savings and improved comfort were observed in comparison with
typical air conditioned office accommodation.
INTRODUCTION
Seven rooms in the Architecture building at Sydney University are ventilated through operable windows and
doors. In 1995 they were equipped with refrigerated fancoil units to provide supplementary on-demand cooling
and heating for use as required by the occupants who are free to open or close windows, select mechanical
cooling or heating as they desire and adjust temperature set points independently in each room. Thermal comfort
sensations experienced by the users were studied over a subsequent period of two years and spanning all seasons
with the aim of determining the ranges of indoor temperatures that were acceptable when occupants were able to
exercise considerable discretion in control of their personal thermal environment.
Mixed mode or hybrid ventilation systems are a relatively new concept and, as far as is known there have been no
other longitudinal studies of occupant responses in such circumstances. Leaman and Bordass (1) have reported
improvements in overall satisfaction of building occupants where they have access to controls that provide a
rapid response and feedback to perceived need for change. Bauman et al (2) have reported improved user
satisfaction resulting from the installation of task/ambient conditioning systems in climate controlled office
settings in San Francisco and Rowe, Dinh and Julian (3) have already reported similar findings for this setting
together with very substantial energy savings due to reliance by occupants on passive energy flows in mild
weather. When de Dear (4) was collecting data for his ASHRAE study "Developing an adaptive model of thermal
comfort and preference" he was able to obtain only four sets of data from mixed mode buildings among a total of
160 and two of those sets were from an early phase of this work. Because he had insufficient material de Dear did
not analyse the mixed mode settings separately but included them with air conditioned buildings. Results from
this study suggest, however, that there are differences.
The results show adaptive variation at the rate of 1°C of acceptable indoor temperatures for each 4°C change in
outdoor temperatures (MDOET*) in the range from S°C to about 20°C with a mean upper limit of 24°C
thereafter. Distribution of acceptability responses is platykurtic with more than eighty percent so indicating over a
range from 19.5°C to 25°C. However this does not represent a range acceptable to all respondents who are found
to establish smaller individual comfort zones, in the range from 2°C to 6°C within the overall limits for the group.
It was also found that many of the participants reported temperatures as unacceptable on particular occasions
within a range that was acceptable at other times. This may be due to occasional breakdown of the compromise
necessary when a space is shared with others. Acceptability was found to correspond closely with votes in the
central three categories of the ASHRAE thermal sensation scale. The most commonly preferred temperature
appears to be 23°C.
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METHODS

The Architecture building is of heavyweight masonry construction on five levels. Ventilation is through metal
framed operable hopper windows . Some rooms also have doors opening onto a rooftop courtyard. The study area
consists of seven rooms located on part of level 4 and constituting the administrative centres for the Faculty and
the Department of Architectural and Design Science as illustrated in figure 1. Orientation of windows in these
areas is toward the north, east and west. Windows are externally shaded with 600 mm deep overhangs and are
fitted with adjustable blinds of various kinds. Three of the rooms are occupied by only one person each and the
remainder have from two to four occupants. Background space heating is provided by hot water heated panel
radiators which are available from the end of May till the beginning of October.

c=J····················-----F

IIJ N

G

Fancoil unit

I"""'-..,

Approximate scale 1 metres 5
Figure 1. Layout of the study area.

The supplementary reverse cycle cooling and heating equipment was installed toward the end of 1995. It consists
of two variable refrigerant flow air cooled condensing units connected to fancoil units in each of the rooms. A
small control panel in each room allows the occupant(s) to turn the fancoil unit on or off, set the space
temperature control, adjust air speed and direction of flow and select high or low fan speed.
A core group of ten people (three men and seven women) participated in the study throughout it full length. This
group was augmented from time to time by additional people, either as relief for more permanent occupants or as
supplementary assistance at times of high workload. All occupants who were present when measurements were
being made were invited to participate and did so except when engaged at the time on a particularly urgent task.
Thermal sensation reports together with concurrent measurements of physical variables were gathered from 47
respondents over a period of two years, resulting in the acquisition of a total of 667 data sets. Seventeen
respondents contributed 10 or more and up to 75 sensation reports. Four hundred and two of these were classified
as from the winter period from 1 April to 30 September and 265 were from the period from 1 October to 31
March, classified as summer. The data were collected daily in block periods of days, weeks or months as time
permitted over a span of approximately two years. Together they include material from the full range of outdoor
weather conditions experienced at the site.
The sensation report was modelled closely on that used by de Dear et al (5) to facilitate comparison with his and
other similar studies. It included thermal sensation on the seven point ASHRAE scale; thermal preference on a
three point scale for expressing desire for conditions to be cooler, warmer or unchanged; a binary indication of
thermal acceptability; details of current clothing; and details of activities over the immediately past hour to
enable estimation of metabolic rate. ASHRAE (6) values for individual garments were used to estimate the total
insulation value of clothing ensembles to which was added an amount of 0.17 clo to account for the chair when
respondents were seated (the majority of cases). Estimations of metabolic rates were made using the ASHRAE
(6) recommendations for typical activities.
Whilst the sensation report was being completed at each workstation concurrent measurements of thermal
conditions within one metre were made. Instruments were mounted on a trolley at 1,100 mm above the floor with
a second air temperature point at 100 mm above the floor. They included a shielded platinum resistance element
for air temperature; an omnidirectional temperature compensated constant temperature anemometer for air
velocity; a chilled mirror dew-point sensor for relative humidity; and 180 degree opposed small black and gold
plated plane elements for plane radiant temperature. Mean radiant temperature was calculated from the six
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orthogonal readings of radiant temperature and operative temperature was calculated as the arithmetic mean of
air and mean radiant temperatures. The instruments meet ASHRAE (6) and ISO (7) specifications. Outdoor
thermal conditions are recorded continuously at intervals of 30 minutes at a weather station on the site. They are
reported as mean outdoor daily effective temperature (MOET*) calculated as the mean of 6 am and 3 pm
observations on days when samples were taken.

RESULTS
Outdoor weather conditions expressed as MOET* were observed from a winter low of 8.5°C to a summer high of
28°C. Distribution of indoor operative temperature observations was as displayed in figure 2.
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Figure 2. Distribution of observed indoor operative temperatures.

Just under fifty percent of all operative temperature observations were between 23°C and 24°C with 98 percent
occurring in the range from 20.5°C to 26°C inclusive although a few occasions were recorded with temperatures
as low as l7°C and as high as 29°C.
The relationship of acceptable indoor operative temperatures to MOET* is illustrated in figure 3. It could be
inferred that seasonal variations are due to failure of the cooling and heating system to handle peak summer and
winter loads. That this was not so is demonstrated by the high score of satisfaction with thermal comfort recorded
by this group as previously reported by Rowe, Dinh and Julian (3). These scores could not have been achieved if
the system was not providing conditions as required by the occupants for most of the time.
Clothing insulation values, including an addition of 0.17 clo for the chair typically varied from 0.8 to 1.4 clo in
winter to 0.4 to 0 .8 clo in summer. Linear regression suggests a relationship with outdoor weather conditions with
a mean value for winter of 1.1 clo and a mean of 0.5 for summer. Metabolic rate also varied between individuals
typically from 0.9 to 1.8 met with a mean value between 1.2 and 1.3 met but with no seasonal variation apparent.
Thermal sensation votes were binned at intervals of 0.5°C and the frequency of votes in each bin for neutrality,
"prefer no change", acceptability and the three central ASHRAE categories is shown in figure 4. Figure 5 shows
within upper and lower bounding lines the ranges of operative temperature voted acceptable by individuals who
provided ten or more and up to 75 sensation reports. Unacceptable conditions are indicated as bars. Anomalous
indications of unacceptability were recorded within a range that was, at other times, indicated as acceptable.
Some of these anomalous results were contributed by persons coded 5, 6, 9, 14, 15, 16 and 17 who were sharing
space and they may be related to occasions when a satisfactory compromise could not be reached by behavioural
adjustment to clothing or metabolic rate. People coded 4 and 10 were sole occupants and no explanation is
available for the anomalies in their reports.
Conditions in winter (1 April to 31 September) and summer (1 October to 31 March) and proportions of votes
indicating acceptability are compared with recommendations from ASHRAE (6) and Appendix A from ISO (7)
and with alternative recommendations proposed by de Dear (4) in table 1.
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Table 1. Comparison of observed operative temperatures and those voted acceptable in winter and
summer with recommendations by ASHRAE (6), ISO (7) and de Dear (4)
Winter

Whole sample

ASHRAE
ISO
de Dear80%
de Dear90%

Summer

Number

Percent voted
acceptable

402

81

Inside comfort zone
Outside
Number Percent Number
Percent
acceptable
acceptable
219
81
106
80
217
83
108
72
257
83
76
68
156
83
79
169

Number

Percent voted
acceptable

265

86

Inside comfort zone
Number
Percent
acceptable
160
83
169
84
207
86
149
89

Outside
Number
Percent
acceptable
67
93
58
91
20
83
78
80

DISCUSSION
As indicated in figure 2, operative temperatures follow a nearly normal distribution between 20.5°C and 26°C
with 47 percent falling in the range from 23°C to 24°C. They were the result either of deliberate choice by sole
occupants or compromise arrived at by small groups of two or three people in separate rooms and therefore must
be considered representative of conditions considered acceptable to the individual subjects or near to it at the
time they were measured.
Figure 3 suggests that temperatures are being limited to a mean value of 24°C plus or minus about 2°C. It is
known that temperatures in similar untreated rooms not infrequently rise to 30°C and above in summer. The
lower temperatures in cooler weather are accompanied by the use of significantly warmer clothing. It is
interesting to compare the slope of the mean line of acceptability in the range from 8°C to 20°C at 0.264 with that
established by de Dear (4) for naturally ventilated buildings (0.255). Rowe, Dinh and Julian (3) have shown that
there is a strong tendency to leave the supplementary system off in mild weather, especially in spring and autumn.
In the same report they have shown that energy use by the system is very much lower than would be expected
from a conventional air conditioning system operating in the same space.
Case weighted second order polynomial regression suggests that acceptance of temperatures ranging from 19.5°C
to 25°C is quite uniform at or a little above 80 percent as shown in figure 4. However this cannot be interpreted
as indicating that all subjects will accept any point in this range or that individuals will accept a constant
condition within it. Figure 3 shows that requirements vary in accordance with cool to mild outdoor conditions
and figure 5 shows that most individuals establish personal zones of acceptability of four or five degrees width at
varying locations within the overall comfort range.
Figure 4 also shows percentages of totals in half degree bins of votes for "no change". Case weighted second
order polynomial regression shows a considerably tighter span for preferred temperatures with the peak value at
about 23°C. As revealed by inspection of figure 5 this is the only temperature common to the acceptable range
recorded by each participant who provided ten or more records. It is also the same as the preferred temperature
determined for the population of an air conditioned office building reported by Rowe, Dinh and Julian (8). It is
suggested that this congruence is not coincidental.
Table 1 records that 81 percent of votes indicated acceptability in winter seasons from 1 April to 30 September
and 86 percent voted acceptable in the summer seasons from 1 October to 31 March. Comparison with ASHRAE
(6) and ISO (7) standards and comfort zones proposed by de Dear (4) suggests there is no significant advantage
in applying such restrictions to definition of comfort zones for this type of arrangement. People will choose the
condition that suits their particular requirement at any given time either independently of others or as a
compromise between two or three sharing a common space. That acceptability does not reach 100 percent in the
most popular regions of the spectrum between about 20°C and 26°C is, in all probability, due to an occasional
failure to achieve a fully satisfactory compromise.
CONCLUSIONS
Figure 3 shows that the users of this system demonstrate a strong tendency to adaptive adjustment to the
prevailing indoor environment. Rowe, Dinh and Julian (3) have shown that this adjustment is often achieved by
passive means in mild weather. Positive action is required to switch on the supplementary mechanical cooling
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and heating equipment and if conditions on entry to a room are satisfactory the equipment is left off. When
outdoor conditions are cool to mild i.e. in the range from 8°C to 20°C MOET* the range of indoor temperatures
reported as acceptable bears a close similarity to the adaptive model proposed by de Dear et al (4)·for naturally
ventilated buildings. However at higher outdoor temperatures many choose to intervene with mechanical cooling
as a behavioural adaptation to limit indoor temperatures to about 24°C plus or minus 2°C.
Figure 2 indicates that the most commonly selected temperatures are in the range from 23°C to 24°C. However
inspection of figure 5 shows that individual respondents select a range to suit personal requirements, usually of
2°C to 6°C within the overall range of acceptability for the group from 19.5°C to 27°C. It is noteworthy that these
people choose to wear somewhat warmer winter clothing than the participants in the study of thermal comfort in
an air conditioned commercial office building as reported by Rowe, Dinh and Julian (8).
It is concluded that:• Participants in this study reported thermal conditions as acceptable over a range from 19.5°C to 27°C.
• Within that range individuals tended to select somewhat narrower personal ranges, typically of 4°C to 6°C.
• The temperature most commonly preferred was 23°C and this was the only temperature reported as acceptable
by all participants
• Defined comfort zones such as in ASHRAE (6) and ISO (7) have little meaning in a situation where people
have access to a wide selection of control options.
• When provided with the freedom to use passive means to control their thermal environment many will choose
to do so when conditions meet their personal needs.
• As previously reported by Rowe, Dinh and Julian (8) users of the system have recorded high scores for
thermal comfort and air quality with energy consumption very much less than it would have been had they
been in conventionally air conditioned accommodation.
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OFFICE DRESS CODES, THERMAL COMFORT AND
BUILDING ENERGY CONSERVATION.
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ABSTRACT
Indoor climates are regulated by international standards and guidelines such as the American Society of Heating
and Air-Conditioning Engineers' (ASHRAE) Standard 55-1992 (1). Despite its global scope, ASHRAE 55-1992
has only two indoor temperature settings - one for "summer" (cooling season) and the other for "winter,"
(heating season). In practice, however, it is not uncommon to find that even these concessions to seasonal trends
are ignored by facilities managers who often opt for a single temperature set-point all-year-round. Needless to
say, such practices are energy intensive and are therefore responsible for significant greenhouse gas emissions.
Concerns such as these have, in recent years, stimulated interest in the adaptive model of thermal comfort. The
model is premised on the ability of building occupants to adapt to feel comfortable in a much wider range of
indoor climatic conditions than one normally finds in comfort standards such as ASHRAE 55-1992. This paper
examines the extent to which modem dress codes prevailing within centrally air-conditioned office buildings
impact the thermal comfort of building occupants. It also examines the role of clothing adjustment within the
adaptive model of thermal comfort.
The study was conducted in a modem telemarketing office located in subtropical Sydney Australia. A sample of
employees was surveyed longitudinally each working day during a four-month period spanning early spring
through mid summer. An electronic questionnaire that appeared daily on each respondent's computer terminal
was used to gather thermal comfort votes, thermal preferences and clothing garment check-lists. In the office
under investigation, the employer had a policy of formal business attire for all employees on Monday through
Thursday. However on Fridays the dress code was relaxed and workers were free to choose their clothes
according to taste and season. Indoor temperature and outdoor weather were measured and thermal indices
including ET* were calculated.
Results from the study show a relatively weak correlation between clothing worn indoors and outdoor
weather/climate between Mondays and Thursdays. Results for the casual clothing Fridays, however, indicated
significantly larger between-subject and between-day variances in clothing insulation values (clo). The sample's
comfort temperature (thermal neutrality) drifted gradually upwards as spring progressed into summer, reflecting
the steady decrease in clo values on casual Fridays. These findings are discussed in terms of the adaptive
opportunity afforded by casual clothing policies and their implications for energy conservation in buildings.

INTRODUCTION
Clothing
The clothing we wear to work is a vital part of our personal heat balance. Traditional office dress codes
combined with standardised indoor climatic regimes exacerbate discomfort and energy management. This study
looks at the relationships between traditional business and casual clothing policies in office work environments
and their effects on comfort. In regard to business attire, dress codes seem polarised around two extremes:
business or casual. In subtropical Sydney these two options have distinct clothing insulation (clo) ranges: (0.81.0 clo) for business and (0.2- 1.0 clo) for casual.

Comfort
The "adjustability" of clothing represents one of the main ways in which building occupants can adapt their
particular thermal circumstances (heat balance and expectations) to their work environment. Formal business
attire, for example, in the case of men, comprises a two piece suit (at least), shirt (long sleeve), neck tie,
underwear (including socks) and shoes. This breakdown is quite similar for women with all of the above and the
substitution of skirts, dresses and pantyhose. This style of clothing has little chance of variation.
Compared to formal business attire casual clothing in Sydney (typically including jeans, polo shirts, t-shirts and
the like) can be much more varied in combination and configuration, and more comfortable to wear. Indeed,
adaptability is probably part of the definition of casual clothing. This clothing option is comfortable and
amenable to updates throughout the working day.
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Indoor Temperature
The regulated indoor environment is governed by standards such as .the ASHRAE 55-92 indoor temperature
criterion. This international standard sets a narrow band of indoor temperature through two seasonal brackets,
winter and summer, worldwide. This temperature setting is often simplified even further, to a single indoor
temperature setting year round ·by buildings' facilities managers and engineers. In Australia that year-round
design temperature is typically somewhere near 23°C. Practices such as these and their close association with
Standards like the ASHRAE 55-92 (1) have been described as the "static model of thermal comfort" for obvious
reasons (2).
In contrast, the "adaptive model of comfort" is encourages indoor temperatures drifting in hannony with outdoor
temperature and the seasons. By shifting the indoor environment closer to the outdoor temperature, the necessity
for major clothing adjustments when moving from indoors to out or vice versa, is reduced.
Energy
Inflexible dress codes in the workplace may well suit the static model of thermal comfort, but they are not
conducive to energy conservation in buildings. Constant indoor temperatures give rise to large temperature
gradients between indoor and outdoor climates, particularly at the seasonal extremes. The chart below (Figure 1)
highlights the difference between the available indoor climate management options. The "energy penalty" for
the ASHRAE Standard 55-92 option over the adaptive model option is represented by the shading.
This study investigates dress codes in the office environment and the effect different types of clothing has on the
adaptive opportunity available to the subject. The aims of this paper are to examine the relationships between
thermal comfort responses, indoor and outdoor temperatures and clothing. The clothing habits of office workers
in regard to the dress code regulations of the day and the adaptive ~pportunity afforded by casual clothing are
also investigated.
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Figure 1 : The adaptive model of thermal comfort. Assuming that energy consumption within buildings is
proportional to the thermal gradient between indoors and outdoors, the energy savings accruing under an
adaptive regime of indoor climate management compared to the current ASHRAE 55-92 practice is
represented as the shading on the chart.

METHODS
The study was conducted in an open-plan telemarketing office environment occupied by both men and women
during normal business hours. All six members of the sample were telephone representatives receiving calls in a
customer service role while seated at their computer terminals. The five male and one female subjects provided
570 comfort vote observations in a longitudinal research design. This was achieved at the rate of one
questionnaire per day over a four month observational period, spanning spring and summer. The office
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environment studied had an unusual dress code policy. From Mondays through Thursdays the dress code was
strictly business (business suits etc.), while on Fridays the dress code was casual Geans, polo shirts etc.).

Figure 2 (a & b): Example Questionnaire Items. (a) Current Thermal Sensation Scale. (b) Male Clothing
Checklist on a business clothing day.

The delivery of the questionnaire was via the subjects' computer terminal, through the use of the "ScreenSurvey"
program (3). The program allows the design and delivery of questions in a Windows ™ style on the subjects'
computer screen. The questionnaire was programmed to appear at different times of the day or on certain days as
required. The questionnaire data was downloaded at the end of the week by the researcher and exported to a
personal computer for analysis. Questionnaire items included the seven-point ASHRAE scale of thermal
sensation ("cold, cool, slightly cool, neutral, slightly warm, warm, hot"), the Mcintyre Thermal Preference Scale
("I would like to be: cooler, warmer, no change") and a clothing garment checklist (see Figure 2 for a sample).
Indoor temperature was recorded by two small data loggers placed within the occupied zones. One was located
centrally to record the core zone temperature and the other was placed in the perimeter zone of the open plan
office. Data from the logger closest to each subject was used for analysis with that subject's questionnaire
responses. The logger recorded every 2 minutes allowing accurate matching with questionnaire responses.
Outdoor temperature was measured by an Automated Weather Station operated by the Australian Bureau of
Meteorology, located at Observatory Hill, Sydney, less than a kilometer away from the office building under
investigation. A daily average outdoor temperature was calculated from the raw data, which was recorded at 15
minute intervals.

RESULTS
The results from the outdoor temperature trace show the expected gradual warming from spring into summer.
(Figure 3 a). The results from the indoor temperature loggers show an almost static value of around 25°C from

the onset of the study its end. Figure 3 (a) shows a very small rise into summer, but overall quite flat compared
to the outdoor trace.
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Figure 3 (a & b). Daily Average Indoor and Outdoor Temperatures and Clothing Insulation. (a) Average
daily temperature both indoor and outdoor plotted over the duration of the study. (b) Trend lines of
average clo values during the formal business attire days and the casual clothes days.

The plot of all clothing data over time (Figure 3a) shows fluctuations around a mean that decreases gradually as
the observational period progresses into summer. When business attire is isolated (Monday - Thursdays) an
almost flat trace from spring through summer emerges, regardless of outdoor temperature, but quite consistent
with the corresponding indoor temperature trace. The casual clothing data (Fridays) show a significant decline as
clothing layers are lightened or shed completely as the Austral spring gives way to summer (Figure 3b ).
The clothing insulation and temperature data show significant Pearson correlation coefficients on Fridays (casual
days). The correlation between business clothing and indoor temperature has a reasonable correlation, while the
weakest relationship was between indoor temperature and casual clothing. The correlation values from these
regression equations are shown in Figure Four (a).
The strict business clothing data showed little variance, indicating high levels of conformity to the restrictive
dress code. The variance for casual Friday clothing data was significantly greater. Figure Four (b) depicts sample
variance in clo values for each day of the week (Friday being casual).

Total Clothing Variance
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Figure 4 (a & b). Correlation between clothing and temperature and variation in clothing insulation
values broken down by day-of-the-week. (a) Correlation coefficients for the relationship between clo
values and indoor/outdoor temperatures emphasise the strong association between casual clothing
insulation values and outdoor temperature. (b) Graph of clothing variance by day-of-the-week, showing
the significantly greater sample variance in casual (Friday) clothing.

Thermal Comfort
Neutral temperatures (Tn) were derived as the indoor temperature where the respondent most frequently
answered "neutral" on the 7 - point thermal sensation scale. When thermal sensation votes are plotted against
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indoor temperature a trend line results, the equation of which can be solved for vote of "O"("neutral"). Plotting
mean Tn for each month over the period of the study reveals a steady increase in thermal neutrality.
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Figure 5. Neutral Temperature and Clothing. The temperature described by subjects as "neutral" is
plotted month-by-month along with average indoor clothing. As the study moves from spring (Oct) into
summer (Jan), there is a gradual increase in Tn, as mean outdoor temperature rises and mean clothing
value falls.

DISCUSSION AND CONCLUSIONS
From the results of this investigation, there is clear evidence that clothing patterns can, if permitted, track
synoptic and seasonal changes outdoors, and this tracking presents an opportunity for conserving energy within
air-conditioned buildings.
•

Office occupants adhere to dress code regulations (Business or Casual). From this observation we can
see that office workers adhere to dress code regulations as set out by their employers, to be either business or
casual. This conformity to business dress codes impacts directly on building occupants' own comfort and
heat balance equation, and this actively restricts "adaptive opportunities."

•

Strict Business attire is not variable seasonally, where casual clothing is. With the formal nature of
business attire, both men and women have little chance to adapt to indoor temperature changes throughout
the day, let alone seasonal changes. If we are to move towards an adaptive indoor temperature strategy,
formal business dress codes will cause unnecessary discomfort. Casual clothing, on the other hand, offers
many combinations of ensemble for men and women, with the adaptive opportunity being greater for women.

•

Given the opportunity (relaxed dress code), building occupants will clothe for outdoor temperatures.
From the regression comparisons between clothing and temperature illustrated in Figure Four (a), office
employees clothe for outdoor weather whenever they are given the opportunity.

•

Indoor temperatures that drift in the direction of outdoor trends conserves energy and reduces
greenhouse gas emissions. Setting indoor temperatures to reflect those outdoors (the adaptive concept), is
energy efficient as it reduces the indoors-outdoors thermal gradient. Relaxing dress codes further enhances
the energy conservation and greenhouse gas reduction potential of the adaptive model of comfort.
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ABSTRACT:
One thousand six hundred and twenty seven thermal comfort datasets consisting of physical measurements taken
adjacent to each participant's workplace and concurrent thermal sensation reports were collected from one
hundred and forty four respondents in a typical office building in a Sydney inner suburban commercial centre
over a period of two years. Data were collected twice daily at approximately monthly intervals across the full
range of seasons. Operative temperatures, which are influenced by radiant flux near perimeter windows, were
observed in the range 20°C to 27°C. Thermal acceptability is found to be in close agreement with votes in the
three central categories of the ASHRAE scale. The range of acceptable conditions is compared with defined
comfort zones. More than eighty percent of responses reported conditions within recognised comfort zones as
acceptable. However ninety percent acceptability is confined to a range from 2l°C to 24°C. Responses to the
three point Mcintyre preference scale suggest that at best just over seventy percent were for "no change"
indicating that about twenty percent of acceptability responses were from people who were not fully satisfied at
the time. Thermal sensations were reported as acceptable by individuals over a wide range of conditions
suggesting that many adapt successfully across a range of up to 5°C. However occasional anomalous reports
outside acceptability were observed within the generally acceptable range for most individuals. Analysis suggests
that these anomalies are often associated with temperature change between observations a few hours apart. The
data suggest that many respondents find it difficult to distinguish between the central categories on the ASHRAE
sensation scale.
INTRODUCTION
Current international standards for thermal comfort in buildings, i.e. ASHRAE ( 1) and ISO (2) are based on
theories of steady state thermal equilibrium or neutrality developed after careful laboratory based research. They
have, however, been called into question by e.g. Humphreys and Nicol(3) as failing to take account of human
adaptive capability and thus applying unduly narrow limits on temperature control in buildings. Various
carefully organised field studies e.g. de Dear et al (4) have revealed that thermal preference does not necessarily
relate to neutrality (the "semantic effect"). By comparing several studies in different parts of the world and
different seasons, Brager et al (5) have shown that conditions outside the boundaries of the international
standards can be preferred by a significant proportion of occupants of air conditioned buildings and have
reinforced the view that preference and neutrality are not necessarily congruent. This proposition is further
supported by de Dear, Brager and Cooper (6) in their report on an adaptive model of thermal comfort and
preference.
Aims of this study include establishment of the relationships between neutrality, preference, acceptability and
thermal sensations within the three central categories on the ASHRAE seven point thermal sensation scale as
experienced by the same group of people over a lengthy period of time. It also seeks to determine of the range of
adaptation to seasonal change as indicated by variation in neutrality. The semantic effect of thermal preference
noted by de Dear et al (6) is also examined in the context of this longitudinal study.
Findings include that:•
Neutrality, preference and acceptability are reported by most individuals over a wide band of temperatures
within the prevailing conditions but anomalous negative responses are occasionally reported within these
ranges;
•
Mean clothing insulation values trend from approximately 0.8 clo in cool weather to 0.6 clo in hot weather.
However due to wide variations between individuals on visit days the trend was not statistically significant.
•
Mean metabolic rate was also observed to vary over a wide range between individuals on visit days. The
mean value of 1.2 met was not affected by seasonal variation.
The optimal operative temperature range is from 22°C to 23°C. However ninety percent of respondents
•
reported acceptability between 21°C and 24°C.
•
Thermal acceptability approximates closely to sensation votes within the three central ASHRAE sensation
categories i.e. slightly cool to slightly warm.
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•

Neither preference nor neutrality is a good indicator of acceptability. Both these indices had maximum
values between 21°C and 24°C but the level was approximately 70 percent for preference for no change and
only a little more than 40 percent for neutrality.

METHODS
The building was selected because it was known to be typical of many middle quality commercial office
buildings constructed in Australian cities in the eighties. It has six occupied floors and is of glass curtain wall
construction with insulated spandrels and continuous single glazed viewing panes from sill at 900 mm to ceiling
at 2,700 mm. Office spaces are open planned with the majority of respondents located within 2- 3 metres from
windows. Conditioned air is supplied from variable volume terminal units to multiple perimeter and interior
zones. The temperature control system incorporates an outdoor air economy cycle and a zero energy or "dead"
band between 21.5°C and 22.8°C. Electric reheat elements are switched on at 20.5°C and off at 21.5°C.
Refrigeration equipment is held off till temperature rises to 22.8°C when air valves commence to open. Air valves
are fully open at 23.8°C. Radiant heat gains from the windows produce local operative temperatures up to 27°C
when sunlit. The effects of internal and radiant heat gains resulted in observed operative temperatures falling
mainly in the range from 22°C to 26°C. The building was therefore well suited to investigation of adaptive
responses within the upper range recommended by ASHRAE (I) and ISO (2).
The sample population was selected by inviting participation of occupants of two adjoining mid level floors. A
total of 144 persons took part. Due to work requirements not all participants were present during all visits.
Seventy one of them contributed ten or more and up to 34 sensation reports. Approximately two thirds of the data
sets were supplied by males. Ages ranged from 20 to more than 60 with fifty percent in the band from 40 to 49
years. About half are professional or sub-professional scientists with the remainder occupied in management or
administrative assistance.
Each subject floor was visited at approximately monthly intervals from July I996 to February I997 inclusive and
from August I997 to June 1998 inclusive. The break between March and July 1997 was introduced partly to
offset "survey fatigue" and partly to accommodate the design and installation of an intervention comprising the
supply of thirty small personal fans to occupants of perimeter locations to offset asymmetric radiant heat gains in
hot weather. Because of space limitations the effect of this intervention will be reported separately on another
occasion. On each visit a thermal sensation report was collected from each of the available participants in tum in
the morning and again in the afternoon, commencing in the western comer of the building. The sensation report
was modelled closely on that used by de Dear et al (4) to facilitate comparison with his and other similar studies.
It included thermal sensation on the seven point ASHRAE scale; thermal preference on a three point scale for
expressing desire for conditions to be cooler, warmer or unchanged; a binary indication of thermal acceptability;
details of current clothing; and details of activities over the immediately past hour to enable estimation of
metabolic rate. ASHRAE (1) values for individual garments were used to estimate the total insulation value of
clothing ensembles to which was added an amount of O.I7 clo to account for the chair when respondents were
seated (the majority of cases). Estimations of metabolic rates were made using the ASHRAE (1)
recommendations for typical activities.
Whilst the sensation report was being completed at each workstation concurrent measurements of thermal
conditions within one metre were made. Instruments were mounted on a trolley at 1,100 mm above the floor with
a second air temperature point at 100 mm above the floor. They included a shielded platinum resistance element
for air temperature; an omnidirectional temperature compensated constant temperature anemometer for air
velocity; a chilled mirror dew-point sensor for relative humidity; and 180 degree opposed small black and gold
plated plane elements for plane radiant temperature. Mean radiant temperature was calculated from the six
orthogonal readings of radiant temperature and operative temperature was calculated as the arithmetic mean of
air and mean radiant temperatures. The instruments meet ASHRAE (I) and ISO (2) specifications.
Outdoor weather conditions are recorded continuously at intervals of 30 minutes at a weather station at Sydney
University. The University is approximately 5 km. from the investigation site but shares a similar microclimate.
Outdoor thermal conditions are reported as mean outdoor effective temperature (MOET*) on visit days thus
combining the effects of air temperature and relative humidity and calculated as the mean of 6 am and 3 pm
observations on visit days. The SYSTAT package was used for statistical analysis where appropriate.

RESULTS
Weather in Sydney is characterised by warm, humid summers and mild winters. Outdoor weather conditions on
visit days expressed as MOET* varied from a winter low of I0.5°C to a summer high of 28°C. A tendency to
bimodal distribution in the warm seasons was observed in both years with peaks in November and February and
slightly milder conditions in December and January.
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Distribution of indoor operative temperature observations ranging from 20°C to 27.5°C is displayed in Figure 1.
Thirty eight percent of all operative temperature observations were found to be between 22°C and 23°C with 70
percent occurring in the range from 21 °C to 24°C inclusive. Operative temperatures in the upper range were
mainly due to the influence of radiant heat flux at sunlit windows where indoor surface temperatures of the glass
were frequently measured as high as 50°C. In these conditions horizontal bladed venetian blinds were regularly
closed with surface temperatures up to the mid to high thirties and still contributing a significant addition to mean
radiant temperature.
Wide variations in clothing insulation and metabolic rates were observed between individual subjects on each
visit day. Individual estimated values of clothing insulation varied across a range from about 0.5 to 1.3 clo on any
visit day indicating that people are using clothing as a means of adapting to the conditions as expected and found.
Mean values varied from slightly under 0.8 clo in winter to just over 0.6 clo in summer. Substantial variability
was also observed in estimated metabolic rates for individuals with values typically in the range from 0.9 to 1.7
met. The mean value is constant at approximately 1.2 met with no detectable relationship with outdoor thermal
conditions.
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Figure 1. Frequency distribution of indoor operative temperature distribution in 0.5°C bins.

Sensation votes are binned by half-degree intervals and the distribution of votes for neutral, prefer no change,
acceptable and within the three central ASHRAE categories is presented in figure 2.
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It was found that many individuals were able to record acceptability over a range of up to 5 °C but that most of
them would, on a few occasions, record anomalous indications unacceptability within the personal range as well
as beyond it. Figure 3 shows the range of acceptable operative temperatures, indicated as upper and lower
bounding lines, for each of the seventy one persons who contributed ten or more reports. Occasional indications
of unacceptability are indicated as bars. Further investigation suggests that perhaps about forty percent of these
anomalous responses were associated with temperatures shifts of a few degrees over periods of two to three hours
due to movement of sun over windows. Other possible causes such as changes in air velocity, metabolic activity
or clothing do not appear to be related significantly to these anomalies.
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Code
Figure 3. Indications of unacceptable conditions within and outside ranges of operative temperature voted
as acceptable as iUustrated by upper and lower bounding lines.

Variations in neutrality and preference under the influence of outdoor temperature change were investigated by
grouping the data in two degree bins of MOET*. Predicted neutral temperatures range from 22.6°C when
MOET* is ll°C to 23.6°C when MOET* is 27°C. Probit regression was applied to determine the preferred
operative temperature in each MOET* bin. The result shows no significant variation from a preferred indoor
operative temperature condition of 22.9°C across the full range of outdoor conditions.
Conditions in winter (1 April to 30 September) and summer (1 October to 31 March) and proportions of votes
indicating acceptability are compared with recommendations from ASHRAE (1) and Appendix A from ISO (2)
and with alternative recommendations proP,oseCI by de Dear (6) in table 1 below.
Table 1. Comparison of observed operative temperatures and those voted acceptable in winter and
summer with recommendations by ASHRAE (1), ISO (2) and de Dea r (6)
Winter
Summer
Number
Percent voted
Number
Percent voted
acceptable
acceptable
Whole
6I9
83
1008
79
sample
Inside comfort zone Outside
Inside comfort zone
Outside
Number Percent
Number
Percent
Number
Percent
Number
Percent
acceptable
acceptable
acceptable
acceptable
81
479
84
140
79
573
77
435
ASHRAE
79
79
ISO
402
84
217
82
599
409
83
106
deDear80%
84
849
82
159
64
513
297
82
571
85
437
71
deDear90%
322
85

DISCUSSION
The thermal control regime in this building allows seasonal and daily variation in accordance with outdoor
conditions. Thermal conditions in perimeter zones also vary throughout each day due to radiant heat flux at the
large windows which has the effect of increasing operative temperatures when they are sunlit. It was found, as
indicated in figure 3, that many of the participants in this study were able to adapt to conditions as found over a
range of four or five degrees Celsius within the limits as measured from 20°C to 27°C. However ninety percent
acceptance by the whole group was limited to the range from 21°C to 24°C coinciding with the controlled range
and with the range within which seventy percent of measurements fell. The proportion indicating acceptance fell
quite sharply on either side of it. Neutrality was found to vary from 22.6°C to 23.6°C in accordance with outdoor
conditions, but the optimal preferred temperature was close to 23°C in all seasons, suggesting that the semantic
effect reported by de Dear (6) can perhaps be extended to a conclusion that people prefer to feel a little cooler
than neutral in when it is hot outside and a little warmer when it is cold. It is to be noted from figure 4 that the
only temperature recorded as acceptable by all major participants was slightly over 23°C.
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The question that remains without an answer from this study is how far broad acceptability could be extended
beyond the controlled range. The low mean clothing insulation value in summer suggests that the upper limit is
near that imposed by dress conventions and would be 24.5°C to 25°C at most if rapidly increasing complaint were
to be avoided. On the other hand, the comparatively low mean value of clothing insulation in winter suggests that
the lower end of the range could be extended and remain within the adaptive capabilities of the participants.
However the combination of mild winter climate with outdoor air cycle, floating dead band control and internal
heat gains results in temperatures above 21°C for most of the time in this building so this proposition could not be
tested.
Results presented in Table 1 suggests that the prescriptive temperature ranges recommended in ASHRAE (1) and
ISO 7730 (2) tend to exclude the middle range of temperatures that are, in fact, those preferred by a large
majority of the participants in this study in all seasons and particularly in summer. Application of the proposal by
de Dear (6) for 80 percent acceptability resulted in better than 80 percent acceptance in both seasons and
enclosed a much greater proportion of the measured conditions than either ASHRAE or ISO due to the larger
overlap in the mid-range. However his 90 percent proposal achieved an improvement in acceptability of only a
couple of percent.
The overall proportion of votes for acceptability of 82 percent in winter and 79 percent in summer in conjunction
with the high concentration of operative temperatures in the range 21 to 24°C suggests that this population makes
no clear distinction between summer and winter comfort zones as indoor temperatures are allowed to drift
seasonally between the lower and upper ranges. It would seem likely that for this population at least, conditions
suggested by de Dear (6) for 80 percent acceptability would, in fact, be likely to produce an even higher
acceptance level if the diurnal 'v3,riations brought about by radiant flux near the windows were not present.
Broadly based overall percent~ges· of acceptability have little meaning in an environment where transient
variations are common. It is suggested that if steady conditions were held for any length of time outside the 21 to
24°C range then acceptability wopld fall below 80 percent and increasing numbers of complaints would be
registered by these people.
The range of observed insulation values of individual clothing ensembles and the range of acceptability reported
by most respondents as illustrated in figure 3 suggests that an adaptive dialogue to establish comfort within
personal requirements of the sort referred to by Humphreys and Nicol (3) is taking place between occupants and
the thermal conditions as found. The anomalous reports of unacceptability that appear in figure 3 represent
occasions when this dialogue has failed and these are the occasions when complaint is likely to be raised.
Some of these anomalous occasions arise when operative temperature changes over periods of two or three hours
occur as the sun moves over the single glazed viewing panes of heat absorbing glass. Regresssion analysis
suggests that such a shift of about 2°C can result on average (R2 = 0.4) in a change of one unit in the sensation
vote. The change can of course be from acceptable to unacceptable or vice versa depending on the initial
condition and the direction of the change. However it would appear to offer explanation for less than half of these
events. Further regression analysis suggests that variations in metabolic rate, clothing insulation or air movement
are not significant. Another possible explanation may lie in the subjective nature of the thermal sensation scale.
Faced with the necessity of a decision and questions such as "Am I slightly warm or am I warm?" or "Do I feel
neutral or slightly cool?", respondents may have difficulty in making a distinction giving rise to an arbitrary
element in votes recorded and noise and confusion in the data.
Whilst measurements of temperatures, air velocity and relative humidity can be very accurate given availability
of high quality instruments, a considerable uncertainty is attached to estimates of clothing insulation values and
rate of release of metabolic heat. Brager et al (5) have compared estimates of metabolic rate from a number of
international studies and concluded that "an average estimate of 1.2 met might be used as a reasonable value for
indoor office work". This value therefore appears to be fairly robust and adds confidence to its emergence from
these data. For clothing insulation Brager et al have reported a single revised value of 0.8 clo from a study across
winter and summer seasons in San Francisco. de Dear et al (4) reported mean values of 0.69 (wet season) and
0.59 (dry season) from his study in Townsville. Having in mind climatic differences these results lend confidence
to the values of 0.8 (winter) and 0.6 (summer) estimated for this study.
CONCLUSIONS
The evidence presented here is of personal adaptation to anticipated seasonal vanat1on in indoor thermal
conditions mainly by way of adjustment of clothing insulation. Activities are considered likely to be of secondary
importance as an element of behavioural adaptive adjustment as they are more likely to vary in response to task
requirements. The highest proportion of indications of acceptability were for temperatures in the range from 21 °C
to 24°C with the most commonly preferred temperature at 23°C. This suggests that participants in this setting
would have least difficulty in adjusting to conditions within this range and increasing difficulty and greater
likelihood of complaint as temperatures move further above and below it.
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It is concluded that:• Mean neutral temperature for this population varies in accordance with mean outdoor effective temperature
(ET*) over a range from 22.6°C to 23.6°C in response to change in outdoor thermal conditions.
• For this population approximately 90 percent of reports indicated acceptability of operative temperatures in
the range from 21 °C to 24°C. The proportion of acceptable responses decreased rapidly at each end of the range.
• Thermal acceptability corresponds closely to votes in the three central categories on the ASHRAE (1)
thermal sensation scale, particularly in the range of maximum acceptability. Only about half of those who
indicated acceptability considered their condition neutral.
•
Some 20 percent of respondents would have preferred an operative temperature condition other than that
recorded as acceptable. The most commonly preferred operative temperature was 23°C regardless of outdoor
conditions. This suggests that the "semantic" 'effect noted by de Dear (6) may be applicable to populations in a
single building and climatic zone where a condition slightly warmer than neutral is preferred in cold weather and
one slightly cooler than neutral is preferred in hot weather.
•
Anomalous indications of unacceptability were reported by individuals from time to time within ranges
reported by them as acceptable. About forty percent of these may be explained by temperature shifts within a
period of a couple of hours. There appeared to be no relationship between these anomalous votes and variations
in metabolic rate, air velocity or clothing insulation value. Nor was any other explanation found. It is possible
that they resulted from difficulty in applying subjective judgements to increments on the sensation scale.
Neither neutrality nor preference is considered a useful indicator of thermal acceptability. Both of these indices
would define an unnecessarily narrow range of conditions without significantly improving acceptance. The
central three categories of the ASHRAE sensation scale do, however, provide a useful approximation of
acceptability, at least for this population.
Comparison of sensations reported by this group of office workers suggests that the 80 percent comfort zone
defined by de Dear (6) is a more useful model than either ASHRAE (1) or ISO (2) for situations where indoor
temperature is allowed to rise and fall in accordance with seasonal variations. Indeed there appears to be little
reason for defining winter and summer zones separately for people in moderate climates such as in Sydney. A
control regime that permits indoor temperatures to rise and fall within defined limits in concert with outdoor
climatic variation, in association with an outdoor air economy cycle and zero energy "dead" band can be
expected to minimise energy consumption. For this population the defined limits would be from 21 to 24°C.
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ABSTRACT
Body temperatures (measured by sensors adjacent to the tympanum) were recorded at 30-sec intervals in
growing, ad libitum fed Bos Taurus steers in a controlled hot cyclic environment (32±7C with a constant 14C
dew point). Data analyses showed that during a given stage of heat stress, hot cyclic air temperature is the
dominant, albeit delayed, driving force acting upon body temperatures. This result is demonstrated using four
air-temperature metrics and their associated models, with estimated delays for each stage of heat stress. The
models are discrete linear heat transfer functions based on Fourier's law of heat conduction through solids and
the notion that cyclic air temperatures drive body temperatures in a hot environment. Cross-correlations between
body and air temperature indicate the effect of hot cyclic air temperature is delayed by 4 hours in the acute stage;
3 in the chronic stage. Four metrics of air temperature (standardized, relocated, scaled, and raw) are derived
leading to models with 1, 2, and 3 parameters. These parameters represent aspects of the dominant driving force
of hot cyclic air temperature on the animal's body temperature. The parameters were estimated by nonlinear
least-squares regression using Marquardt's iterative algorithm. The models were used to predict experimentally
observed body temperatures. All models fit the data. The three-parameter model was judged to be the most
useful, since it: I) aids with identifying a strong cause-effect relationship under controlled heat stress conditions
and provides a better understanding of the relationship between air and body temperatures, 2) focuses attention
on the parameters that are important in describing acute and chronic stages of heat stress, and 3) leads to
statistical methods for prediction and characterization in this controlled study which provide a more rigorous
basis for modeling, analyzing, and estimating important dynamic characteristics of heat stress in animals under
less controlled conditions.

INTRODUCTION
When cattle are under heat stress, air temperature, Ta, appears to be a driving force influencing body
temperature, T 8 . For the simplified situation where animals are housed in controlled cyclic conditions, Ta is
easily estimated by a sinusoidal function. However, predicting naturally varying environments (uncontrolled Ta)
is notoriously difficult. Thus, it would be very useful to find a model for the relationship between T 8 and Ta thar
does not require knowledge of the analytic form for Ta. Four models of T 8 based on delayed air temperature are
proposed in this paper and their performance is compared to a more analytically rigorous model. Essentially,
information about the delay between body and air temperatures is substituted for knowledge of the analytic
function . Hahn et al ( 1) showed strong cross-correlations between body temperature and lagged or delayed air
temperature for acute and chronic stress. The length of time it takes an animal to respond to air temperature has
potential for quantifying the heat stress an animal is experiencing. For the thermoneutral stage, the ·crosscorrelations were much weaker. The delays tended to be much smaller (in some cases nonexistent) with more
variability among animals.
Many studies have been conducted to investigate the relationship between the environment and animal responses
to heat exchanges involving sensible heat transfer by radiation, convection, and conduction. By definition,
sensible heat transfer depends on a temperature gradient (2). For these studies, Fourier's law of heat flow is
applied to homeothermic animals (3), (4). This application of Fourier's law states that the rate of heat flow, Q,
from the body core to its surface, is proportional to the difference in temperature between the body and its'
environment. In terms of body, T 8 . and surface, Ts, temperatures, the heat flow equation is written as a oneparameter model.

· <Q

Q=- =K<Ta -'I;)

at

The parameter K is the subject of much discussion. When K represents the proportionality constant, Fourier's
law and Newton's law-of-cooling are mathematically equivalent. Physiologically, however, the two laws
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describe different processes, heat flow and temperature change, (5). In this study, the object is to model changes
in T 8 . Hence, Newton's law is used and K is considered to be the thermal constant per unit time.
Two basic issues under consideration are the heat exchange between body and environment and homeothermy.
Traditionally, the gradient for conductive heat transfer within the body is expressed as the difference between the
animal's core and surface temperatures. The body surface temperature results from a complex process involving
several modes of sensible heat transfer (6). A number of approximations are usually made. The simplest is to
equate surface temperature to air temperature (7). The gradient used here is for sensible heat transfer between
the body and the environment. This raises the question of scaling between body and air temperature. As
demonstrated below, re-expressing Ta to have a mean and variance comparable to TB provides a new
perspective. Thus metrics based on transformed Ta are studied in this paper.
The second issue is homeothermy. By definition, homeothermic animals have a nearly constant body
temperature over a wide range of environmental temperatures (8). While most scientists acknowledge the cyclic
nature of body temperature (9), To is usually assumed to be relatively stable when compared to environmental
temperature (5) and considered a constant mean value in the above heat flow equation.
In this study, the relative stability of T 8 • as shown in figure 1 is called into question. Although, the plot reenforces stability by focusing on relative size, Tukey (10) points out in his text on exploratory data analysis,
"aims can differ and plots should follow aims". In the quest for new insights into the relationship between body
and air temperature, we look one step deeper. The plot in figure 2 shows more detail. By rescaling the variation
and relocating the mean of Ta, the two temperature measurements become comparable. The impression of
stability is removed. The fluctuations in T 8 values no longer appear negligible. In fact, the close association
between fluctuations in T 8 and Ta is highlighted. Figure 2 also suggests T 8 lags Ta indicating Ta has a delayed
effect on T 8 • Thus, modeling the animal's circadian rhythm is vital to understanding thermally imposed stress.
In that case, T 8 should be regarded as variable over time. And, Ta should be re-expressed to have the same scale
and location as T 8 . The purpose of this paper is to model 'thermally-driven' body temperature for acute and
chronic heat stress using four metrics based on delayed (or previous) air temperature. More specifically, the
question is how effectively can T 8 be modeled when metrics based on transformations of delayed Ta are used
and predictive functions of Ta are ignored.
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MATERIALS AND METHODS
Controlled experiment
Body temperatures (measured by sensors adjacent to the tympanum) were recorded at 30-sec intervals in
growing, ad libitum fed Bos Taurus steers. Following a two-week exposure to a thermoneutral cyclic
environment (18±7C with a constant 9C dew point), the animals were exposed to a controlled hot cyclic
environment (32±7C with a constant 14C dew point) for two weeks. This sequence was repeated. Data were
analyzed for acute (second and third day of exposure, 48hrs)' and chronic (eighth and ninth day of exposure, 48
hfs) phases of the heat challenging environment.
Delayed air temperature
During stages of heat stress, there is a delay, 't, in the animal's response to the hot cyclic air temperature. The
cross-correlations between body and air temperatures indicated the delay depends on the stage of heat stress.
Hahn et al, (1) estimated a delay of 4h for the acute stage of heat stress and 3h for the chronic stage. A large
delay indicates more stress. During the acute stage of heat stress, the delay in response to Ta was larger than it
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was during the chronic stage. For each animal, the delay (in hours) is estimated by the order of the highest crosscorrelation.

Four models for T 8
Transfonning air temperature leads to four metrics: standardized Ta, relocated Ta, scaled Ta and delayed Ta. All
metrics re-express Ta in terms of scale and location. The metrics differ in how the scale and location parameters
are estimated. They may be estimated by a single formula or iteratively using nonlinear least squares. Each
metric uses a delayed air temperature Ta't; and, each metric generates a model based on Newton's law of
cooling.

is=Ofs =Ktt -18)
at
For each model, Newton's ordinary differential equation is solved forT 8 , the response variable with Ta regarded
as fixed. Although the sinusoidal nature of Ta is ignored in the differential equation, the model is fit to the
solution of the ordinary differential equation using a metric based on the actual delayed Ta variable. The model
and derivatives were programmed for use in statistical software. Initial estimates for K were obtained from
linear regression. All models include a parameter for the constant of integration, T 8ioitial.

Modell
Model I is based on standardized air temperature. As noted above, Ta and T 8 are on different scales. One
commonly used method of adjusting scale and location is based on the standard normal distribution. The Ta is
standardized to the T 8 scale by transfonning Ta to a standard deviate and adjusting the deviate to have the same
population mean and standard deviation as T 8 •
Standardized air temperature

t. =~(T. -11. )+ 11 8
a.

The delayed-scaled Ta metric is formed using the sample means and standard deviations. When this metric is
substituted into Newton's equation, K is the only unknown parameter, and it is estimated by nonlinear analysis.

The standardized air temperature can be rewritten in terms of two additional parameters, y and 6., to be estimated
using nonlinear least-squares procedure. This iterative procedure should provide better metrics for modeli.ng T 8
than metrics based on static estimates used above, since the estimates are based on the actual nonlinear model.
The static estimate for y is the ratio of standard deviations, body to air. For 6., it is the mean T 8 minus the mean
Ta adjusted by the ratio of standard deviations.
metric 1

metric 2
metric 3

metric 4

The parameter y is a scaling constant. It represents the proportion of "variation" on the Ta scale comparable to
the "variation" on the T 8 scale. It can be thought of as the proportion of Ta driving T 8 . If the proportion is small
Ta has little effect. For larger y, T 8 is the more likely to be "thermally driven" possibly indicating the animal has
less tolerance to heat stress. The constant 6. is a location parameter. It is the difference between the average T 8
and the average driving Ta. It represents the average gradient between body and environment. Alternatively, 6.
can be thought of as the animal's average baseline temperature before the average driving Tawas added. Lower
6. may indicate the animal is less sensitive to stress.

Ta = if. +A
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Modell
Model 2 has a metric based on relocated air temperature. The average gradient, which relocates the driving Ta,
is calculated from the stationary fonnula. The remaining two parameters, K and y, are estimated by nonlinear
least-squares regression using Marquardt's iterative algorithm.

Model3
Model 3 based on scaled air temperature. If a is included in the metric, then the scaled Ta becomes the
appropriate input variable. The Ta is scaled by the body-to-environment ratio of the standard deviations. This
metric leads to another two-parameter model. Both K and a are estimated iteratively from nonlinear leastsquares.

Model4
If only the delayed Ta is used as input, both y and a are needed to fonn the metric. This model has three
parameters that need to be estimated interactively using nonlinear least-squares. It is the most general of the four
models.
•

()Til

.

T 0 =at=K(yTat +A-T0 )

The solution is:

Ts =yTH +a-(yTH +a-Tswtial )e-Kt

Comparison with PET: Newton's Modified .2-Stage Model
In the above models, Newton's differential equation is solved with Ta regarded as constant The animals in this
study are enclosed in a hot cyclic environment. The Ta was programmed to follow a sine function cycling ±7 C
about the mean. In response to this condition, Parkhurst, Eskridge and Travnicek (12) derived the PET model. It
is a modification of Newton's equation with a sinusoidal function for Ta. The solution for this model is complex
and requires a 2-stage procedure. First, the parameters of the sinusoidal function are estimated. Then, these
estimates are used in the solution of Newton's differential equation. This process results in the following model:
T •· = 14. + A. sin

T0

{w< t - <P)} where 1-la =mean, A3is amplitude, ro is frequency, and <p is ph<:~se angle

=1-ls + A 8 sin{ro(t -<p)- 't }- [y 1-la - TBinitiaJ -

A 8 sin{ro(t- <p)- 't }]e-K 1

where J.l.s is mean, A 8

=

y KAa

~ 00 2+K2

is amplitude, and 't =
ro

is the lag or delay
·

More precision is obtained from this model, but more knowledge is required about the dynamics of Ta.
Practically, it would be useful to find a metric that would eliminate the need for predicting Ta. Since the object
of this study is to see how well the metrics perfonn when the Ta function is unknown, the results of the four
models are compared to the 95% asymptotic confidence intervals for Newton's modified 2-stage model.
RESULTS AND DISCUSSION
The prediction curves and residuals given in figure 3 demonstrate the fit of the models. The mean square errors
rangedfrom 0.105 to 0.003, Although as figure 4 shows, the MSE' s for the acute stage are considerably higher
for models 1 and 2. Moreover, closer inspection reveals patterns in the residuals. For models 1 and 2, the
residuals show a positive trend indicating the predicted value progressively under estimates the observations,
especially for the later hours. These models are based on metrics which use a static fonnula for the average
body-driving-air gradient (or animal baseline). In addition, several of the confidence intervals (not shown) for
the parameter estimates from these models include zero, indicating there is not enough precision to claim K is
significantly different from zero (p<0.05). Thus, models 1 and 2 are eliminated from further consideration.
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Figure 3:Ta prediction curves, observations and residual plots for each model
Models 3 and 4 show no discernible pattern in the residuals. All the 95% asymptotic confidence intervals from
the PET model show the parameters are different from zero. These models are based on metrics, which allow for
nonlinear least- squares estimation of the temperature gradient (or animal baseline). Next, the results from
models 3 and 4 are compared with those for the more rigorous PET model. Figures 5-7 show the estimates for
the parameters compared with the lower and upper 95% asymptotic confidence intervals for the parameters from
the PET model. For K, both models give estimates within the intervals for the acute stage, figure 5. The results
were more tentative for the chronic stage. Model 4 may be preferable since the estimates for K were more
frequently inside the confidence intervals.
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Figure 4: Mean Square Errors

Figure 5:

Estima~ of Kappa

For the other parameters (y, and A), both models gave estimates outside the 95% asymptotic confidence
intervals. Both models underestimated y (figure 6}, and overestimated A (figure 7). The analytic form of Ta
appears to be more crucial for estimating these parameters than it is for K. Neither the delay nor the metric
could adequately compensate for the information provided by the analytical function.
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CONCLUSION
Re-expressing air temperature in terms of body temperature and finding an analytic form for Ta are important
procedures for identifying a strong cause-effect relationship between body temperature and the environment. By
transforming Ta, the existence of a relationship becomes readily apparent. The parameters that describe that
relationship have potential for characterizing the important dynamics of an animal's sensitivity to heat stress.
However, these dynamics are difficult to estimate by conventional methods. Re-expression acx;ording to a static
formula has no advantage over interactively estimating scale and location with nonJinear least-squares, which
account for changes over time. In particular, metrics which use a static formula for estimating the temperature
gradient are not as useful as those that allow for changes over time.
When estimating K, the thermal rate of change, model 4, which simultaneously estimates K, y, and ~. was at least
as good as model 3, which uses a preset formula for ~. Both these models use a delay estimated from crosscorrelations and ignore the analytic form of Ta. For estimating ~ and y, (the temperature differential and the ratio of
body to air variations), none of the models were as adequate as the rigorous PET model. The 2-stage model
requires estimation of an analytic function for the air temperature before attempting to evaluate the other
parameters. For these parameters, neither transforming Ta nor estimating the delay provided enough information to
compensate for the precision lost by ignoring the analytic form ofTa.
Thus, under controlled hot cyclic air conditions, it is possible to estimate K without identifying the analytic nature
of Ta. The simplest metric, delayed Ta - used in model 4, provides robust estimates and can be used to describe
differences between acute and chronic stages of heat stress. How well this metric works as the cyclic nature of Ta
becomes mor~ complicated approaching the uncontrolled thermal fluctuations generally found in naturally-varying
environment, is a subject for further study.
i•
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ABSTRACT
Persistent hot weather, often referred to as a heat wave, occurs periodically in many cattle-producing areas of the
world. Such events can reduce production and efficiency, particularly in feedlot animals, and occasionally cause
extensive death losses when the magnitude (intensity and duration) of heat loads is coupled with little opportunity
for nighttime recovery. Retrospective analyses of heat waves resulting in death losses, in terms of Temperature
Humidity Index (THI) conditions above or below selected thresholds, provide environmental profiles of
conditions which put vulnerable animals at risk. Such analyses of 3 central United States heat waves are used
here in conjunction with 43 yrs of summer weather records (1949-1991) for a representative location to develop
descriptive characteristics for categorizing heat waves from slight to extreme, based on THI-hrs ~ 79 or~ 84, and
on hrs ~ 72 for recovery. Most of the 42 heat waves at the representative locations were classified as slight, mild
or moderate, but 10 were in the strong, severe, or extreme categories which can cause performance losses and
possible mortality. Proactive counter-measures are discussed in the context of strategic and tactical actions to be
considered for improved environmental management of feedlot cattle in hot weather. Provision for effective
counter-measures (e.g., shades) should be considered as a form of insurance to reduce or prevent death losses
during severe or extreme heat waves.

INTRODUCTION
A heat wave is "a period of abnormally uncomfortable hot and usually humid weather of at least one day
duration, but conventionally lasting several days to several weeks..." (1). An operational definition often used for
a heat wave is 3 to 5 consecutive days with maximum temperatures above a selected threshold. Heat waves
periodically occur in many livestock-producing areas of the world. These extreme events reduce production and
efficiency, and occasionally result in death losses when their magnitude (intensity and duration) creates excessive
heat loads with limited nighttime recovery (2). Animals in intensive production systems, such as feedlot cattle
nearing market weight, are particularly vulnerable to excessive heat loads and to rapid changes in conditions (2),
which strongly impact thermoregulation and feeding behavior (2,3).
Retrospective analyses of heat waves associated with extensive deaths of cattle in feedlots and dairies can
provide information helpful for environmental management during hot weather. An evaluation of hot-humid
conditions during a heat wave which resulted in deaths of more than 700 dairy cows in southern California
(USA) has been reported (4). Other reports have examined the roles of animal and environmental factors in
deaths of more than 3000 feedlot cattle during a 1991 heat wave in Queensland, Australia (5), and more than
4000 feedlot cattle deaths during a 1995 heat wave in the Central United States (6) which caused an overall
economic loss estimated at $28 million (7). Relatively moderate heat waves which occur in quick succession
also can result in feedlot cattle deaths (2), based on a 1997 double heat wave in central Nebraska (USA).
Profiling environmental conditions that result in performance and death losses of feedlot cattle can be valuable
tools for environmental management. Environmental profiles not only provide the feedlot manager a basis for
tactical action when a heat wave is forecast, but also provide the climatologist a means of assessing how often
such conditions might be expected to occur. The latter is a basis for strategic decisions on selecting and
providing appropriate heat relief measures for livestock production systems. The objectives of this report,
therefore, are 1) to develop environmental profiles of heat waves as guides to hot-weather management of feedlot
cattle, and 2) to assess how often such conditions might be expected for an example feedlot area.

METHODS
Retrospective analyses of climatic records to evaluate characteristics of heat waves (e.g., intensity, duration,
recovery time) that cause feedlot cattle deaths have been shown to be a valid approach to environmental
management (6), based on conditions during a 1995 heat wave that caused major losses. That evaluation used
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temperature and humidity records from Automated Weather Data Network (AWDN; 8) stations in the midcentral United States to determine hourly Temperature-Humidity Index1 (THI) values. Those hourly values were
then used .to determine daily THI-hrs at or above the Livestock Weather Safety Index (LWSI; 11) thresholds for
the Alert, Danger and Emergency categories:

24

DailyTHI - hrs =

L "(THI

- base ).

lv•l

The same approach is used here for analyzing 1992 and 1997 heat waves in Nebraska (USA). Other notable heat
wave events occurring during the past several decades in the central United States (using Grand Island, Nebraska
as an example) are profiled in a more general sense to develop categories of heat wave impacts and to evaluate
the frequency of potentially detrimental situations.

RESULTS AND DISCUSSION
The THI-hrs analysis of the central United States 1995 heat wave reinforced the LWSI thresholds for categories
of risk and possible death as applied to 8os-taurus feedlot cattle (6). The THI intensity-recovery profile for
locations in the area where death losses were highest suggested that 15-20 or more hrs per day above a THI base
level of 84 for 3 or more successive days were lethal for vulnerable animals (especially those recently placed in
the feedlot, nearing market weight, or sick). The extreme daytime heat in 1995 was exacerbated by limited
nighttime relief (THI !> 74) and by high solar radiation loads (clear to mostly clear skies) and low to moderate
windspeeds in the area of highest risk. For cattle in other locations with 20 or more daily THI-hrs in the
Emergency category (THI ~ 84) for only I or 2 days, the heat load was apparently dissipated with minimal or no
mortality, although these environmental conditions can markedly depress voluntary feed intake (2, 14) with
resultant reduced performance.
A similar THI intensity-duration-recovery profile analysis for an August, 1992 heat wave event in eastern
Nebraska again indicated that 15 or more THI-hrs above a THI base level of 84 can cause death of vulnerable
animals. Although only 2 successive days reached this level and there was some opportunity for nighttime
recovery, death losses were on the order of 500-1000 head. Another factor in the losses during this event was the
relatively cool weather preceding the heat wave, so that the animals were not adequately conditioned to hot
weather. A major heat wave in progress as this is written suggests that persistent conditions in the LWSI
"Danger" category can cause widespread losses as well; a subsequent analysis will be made of this 1999 event.
A July-August 1997 heat wave event, which caused fe.edlot deaths in a localized area, was anomalous. While 3
successive days (July 24-26) of more than 15 THI-hrs above the 84 base level were noted at one location, only a
few isolated cattle deaths occurred, likely limited by prior heat-conditioning (i.e., a generally high level of
summer temperatures) and by the greater opportunity for nighttime recovery than during the 1995 event. Of
more interest was the relatively moderate August 1-3 second heat wave event, which caused about 100 feedlot
cattle deaths near Central City, Nebraska. These conditions were not considered particularly threatening, as there
were no THI-hrs above 84, relatively few in the LWSI "Danger" category, and nighttime recovery hours
appeared adequate. In retrospect, the lethal combination may have been a result of the intervening cool period
from July 28-31 (2). The cattle apparently ate more than normal during that cool period to compensate for
reduced feed intake during the July 23-27 heat wave, has been observed for heat-challenged feeder cattle in
laboratory experiments (e.g., 2, 15). This increases the potential metabolic heat production, which, combined
with the environmental heat load of the second heat wave, exceeded the capacity of vulnerable animals to
dissipate heat. Possible acidosis associated with the compensatory feed intake also may have further complicated
the thermoregulatory response to the second heat wave; a reduced responsiveness of the central regulatory system
has been suggested for heat-exposed fowl with metabolic acidosis (16). The dynamics of the sequence of events
for a double heat wave are currently being tested at the USMARC Environmental Laboratory.

1The temperature-Humidity Index is a derived statistic (9, 10): THI
where
t.Jb = drybulb air temperature, °C

=0.8 t.ib + RH (t.Jb- 14.4) + 46.4

RH =relative humidity in decimal form
Till values also serve as the basis for the Livestock Weather Safety Index ( 11 ):
Normal, s; 74; Alert, 75-78; Danger, 79-83; Emergency,~ 84. Additional discussion of the THI, and its
application for assessing the impact of thermal environments on livestock is contained in References 12 and 13.
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A climatological analysis was made of heat wave events occurring from 1949-1991 at a south central Nebraska
location. 2 Based on the criteria of heat waves being at least 3 days duration with THI ~ 70 for all hours, 42 heat
waves were identified (an average of one per year, with a range from 0 to 4). All were single heat wave events
except one. The 41 single heat wave events were classified on the basis of days duration, THI-hrs ~ 79 or~ 84,
and opportunity for nighttime recovery (hours at or below 72 THI). Results were then used to develop
descriptive characteristics for defined categories based on the potential impact of each event, ranging from slight
to extreme (Table l). The 43-yr record also indicates the frequency of occurrence for heat waves in each
category at that location were: slight- 3; mild- 15; moderate- 14; strong- 3; severe- 7; extreme- 0. Heat waves
were observed to occur between mid-June and mid-September, with the worst occurring between mid-June and
mid-August at that location. It also should be noted that many feedlot cattle are near market weight during this
period, which makes them more vulnerable to heat waves. Six of 8 heat waves occurring after mid-August were
mild or slight, with relatively less impact (especially since the cattle were conditioned to summer weather).
Conversely, 6 of 9 heat waves that occurred in June were moderate to severe, increasing the vulnerability of
animals not previously conditioned to hot weather (unacclimated). The longest heat wave duration was 10 days,
with several of 7-8 days. A probability approach to evaluating heat waves for a broader cattle-feeding area has
also been reported (18), and the recurrence of extreme heat waves (specifically, the 1995 event) has been
evaluated ( 19). Further evaluations are needed to strengthen available decision-making tools for managers of
feedlots in hot climates.
To summarize, these retrospective analyses are supportive of LWSI (11) thresholds for the Alert, Danger and
Emergency categories as guides for management of feedlot cattle during hot weather. Both the current analysis
of the 1992 event and the prior analysis of the 1995 event (6) support an environmental profile for single heat
wave events that create highly likely lethal conditions for Bas-taurus cattle in feedlots: when THI-hrs at or above
a base level of 84 exceed 15 per day for 3 or more successive days with limited or no nighttime recovery
opportunity (extreme category, Table 1), some death losses can be expected if shade, precautionary wetting, or
other relief measures are not provided. However, it is important to note that heat waves in the strong to severe
categories (Table 1) also may cause mortality in vulnerable animals (e.g., new entrants to the feedlot; those at or
near market weight; animals not yet acclimated to hot weather; sick animals, especially with respiratory
problems). Successive heat waves with intervening cool periods can create excessive heat loads and potentially
lethal conditions even when the conditions during secondary heat waves are relatively moderate, likely a result of
increased feed intake during the cool periods. It should be further noted that death losses, while drastic, are often
economically surpassed by performance losses (20). Such losses (growth, efficiency) for surviving cattle will be
greatest when conditions reach the "extreme" category of Table 1, but can be substantial in the moderate to
severe categories as well.

Table 1. Heat wave categories for Bos taurus feedlot cattle exposed to single heat wave events, based on
Grand Island, Nebraska records from 1949-1991.1
Catego[l

descrietive characteristics

1. slight

duration
limited: 3-4d

THI-hrs >79
10-25/day

THI-hrs >84
None

Nighttime recovery
(hrs < 72 THIJ
Good: 5-10h/night

2.mild

limited: 3-4d

18-40/day

~5/day

Some: 3-8h/night

3. moderate

more persistent (4-6d usual)

25-50/day

~6/day

Reduced: 1-6/night

4. strong

increased persistence (5-7d)

33-65/day

~6/day

Limited: 0-4/night

5. severe

very persistent
(usually 6-8d)
very persistent
(usually 6-lO.d)

40-80/day

3-15/day on 3 or
more successive days
15-30/day on 3 or
more successive days

Very limited: 0-2
per night
Nil: ~1 for 3 or
more successive
da s

6. extreme

50-100/day

2

This period of record doesn't include the extreme heat waves occurring more recently (e.g., 1995); an upward
trend in frequency of heat waves has been reported ( 17).
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Descriptive characteristics of Categories 1-5 are based on the 1949-1991 records; characteristics of the Extreme
category are primarily based on analysis of the 1992 and 1995 events discussed in the text. Environmental
factors other than temperature and humidity (e.g., solar radiation, windspeed) and biological factors (e.g., heat
tolerance/sensitivity, diet, acclimation to heat) can modify the potential impact of given environments on feedlot
cattle. Extreme category conditions can be lethal for vulnerable cattle when combined with high solar radiation
levels and low windspeeds, especially when maximum THI is 86 or higher; such conditions were prevalent in
the 1995 heat wave which caused more than 4000 feedlot cattle deaths in the central United States (6).
Proactive environmental management counter-measures must be planned prior to the onset of hot weather (6,21);
it is too late to react to a heat wave unless a plan is in place. When the local forecast suggests a developing heat
wave, stress-limiting measures should be implemented as the LWSI reaches Alert, Danger, and Emergency
levels, particularly when air temperatures remain above 23EC at night (6). Vulnerable pens should be identified
on the basis of animal breed types, diets, degree of finish/weight, coat color, and pen exposure (wind, solar
radiation).
Behavior of animals in those pens, especially any with respiratory problems, should be monitored for symptoms3
indicating excessive heat load. All waterers should be cleaned and tested to provide at least 15 VlOO kg
bodyweight daily, with a minimum of 25 mm/hd waterer space and at least 2 waterers per pen (24). The water
system should provide a minimum of 1 day storage with capacity to meet daily consumption in a 4-hr demand
period; a backup generator or other means of providing water should be considered. Increasing waterer space to
75 mm/hd and providing additional waterers can reduce the influence of dominant animals during hot weather
(21). Shades (at least 1.5 mltbd; 2 to 3 mltbd is better) and/or sprinklers (periodic wetting by large-droplet
sprays to thoroughly wet the animals) are very effective in reducing excessive heat loads (25) and should be
strongly considered as insurance against death losses. Other actions include postponing handling and transport,
and possibly altering timing of feed delivery (21) or limiting the feed intake of animals following heat-induced
feed intake declines to avoid the potential problems associated with a double heat wave event. Finishing darkerhided, heavier cattle on lots sloping to the east or southeast (Northern hemisphere) also has been suggested (26).
The important element of environmental management for heat waves is preparation; first, plan a response;
second, recognize animals in distress; third, take action.
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behaviors have been suggested (22) as a means of identifying cattle experiencing excessive heat
load (in order of increasing severity): alignment of body with solar radiation; shade seeking; refusal to lie down;
reduced feed intake; crowding at waterer; body splashing; agitation and restlessness; reduced or stopped
rumination; and grouping to seek shade from other animals. Animals with respiration rates above 160 should be
closely monitored (23); the onset of open-mouth and labored panting with excessive salivation/drooling indicates
a failure to adequately cope, and such animals may need special attention to avoid collapse, convulsions, coma,
physiological failure, and death. Other factors (diet, acclimation, genotype, sex, etc) can alter specific responses.
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ABSTRACT
Indoor climate of livestock buildings is of importance for the well-being and health of animals and their
production performance (daily weight gain, milk yield, etc.). By using a steady-state model for the sensible and
latent heat fluxes and the C02 and odour mass flows, the indoor climate of mechanically ventilated livestock
buildings can be calculated. These equations depend on the livestock (number of animals and how they are kept),
the insulation of the building and the characteristics of the ventilation system (ventilation rate). Since the model
can only be applied to livestock buildings whose ventilation systems are mechanically controlled (this is the case
for a majority of pig fattening units), the calculations were done for a pig fattening unit with 1000 animal places.
The model needs half-hour values of the outdoor parameters temperature and humidity, here collected for a twoyear period, as input. The environment inside the livestock building is evaluated according to a comparison with
recommended values for animals. Further, the duration of condensation of the inside surfaces is calculated. The
sensitivity of the model is investigated by varying the livestock, the insulation and the ventilation system of the
livestock building with the control unit.

INTRODUCTION
The performance of farm animals is a result of the genotype of the animals and parameters like nutrition,
hygiene, livestock management as well as the abiotic environment. The livestock building should provide an
adequate physical environment for the animals. The physical environment of farm animals inside livestock
buildings is primarily characterised by hygro-thermal parameters and air quality. These parameters are
influenced by the interaction with the outdoor situation on the one hand and the livestock, the ventilation system
and the building on the other hand. This interaction can be modelled by the steady state balance equation for the
sensible and latent heat and the carbon dioxide mass balance (1,2,3,4,5). During wintertime, when the
recommended thermal conditions have to be archived due to restrictions of the ventilation rate, air quality is in
the centre of interest. During summer time, an adequate heat removal by the ventilation system is the crucial .
point. On the basis of these balance equations, models are used to describe the complex system behaviour of the
indoor climate of livestock buildings. Such models can be used for several purposes: First of all to ensure a
covering of essential needs of the animals and to optimise the indoor climate to increase animal performance.
Furthermore, this can also be seen as a contribution to reduce the amount of drugs used to treat environmentally
caused diseases (6).
The model can be used in two modes: First in a prognostic mode (7,8) e.g. for the purpose of designing the
ventilation system and the renovation of existing livestock buildings. Secondly, the models are used in a
diagnostic mode. In this case measured values of the indoor climate are compared with model calculations. Such
methods can be used as a part of herd control (9) as well as to check the design values of the ventilation system
and its control unit (2). The goal of this paper is the application of a model to assess the indoor climate (hygrothermal parameters, air quality - C02, odour) on the basis of half-hourly values. The result is discussed for a
1000 head pig fattening unit.

MATERIAL AND METHOD
Meteorological data like temperature, relative humidity, wind direction and wind speed are needed to calculate
the climate inside the livestock building and the odour emission. The data are collected at Wels, a site
representative for the Austrian flatlands north of the Alps. The sample interval is 30 minutes for a two-year
period between January 30, 1992 and January 31, 1994.
The thermal situation inside a mechanically ventilated livestock building is calculated via a balance equation of
the sensible heat (1,2,7,10). On the basis of the following equation the indoor air temperature (equal to the
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temperature of the outlet air) and the volume flow are calculated as a function of the outdoor temperature. The
balance equation of sensible heat (Eq. 1) consists of three tenns:
SA+SB+Sv =0

(1)

with the sensible heat release of one animal SA, the loss of sensible heat caused by the transmission through the
building S8 • and the sensible heat flow caused by the ventilation system Sv.
The ventilation systems of livestock buildings are mainly designed as temperature-controlled variable volume
flow systems. The control unit uses the indoor air temperature as control value. The supply voltage of the fans
and therefore the resulting volume flow is the output of the control unit. Two parameters, the set point
temperature Tc and bandwidth (P-band) ~Tc describe the course of the volume flow depending on the indoor air
temperature T; as a control value (10).
The minimum volume flow V min for the winter period is calculated on the basis of the requirements of the
animals concerning air quality. The calculation is mainly based on the C0 2 release of the animals, proportional
to the total heat production and the maximum accepted COz concentration inside the livestock building (between
2.0 11m3 to 3.5 11m3}. The maximum volume flow V max for the summer period is calculated by the sensible heat
production and the accepted temperature difference between indoor and outdoor to avoid heat stress. The
accepted temperature difference is between 2 and 4 K (2).
The latent heat balance (L) and the C02 mass balance (C) are calculated by taking into account the release of the
animals and the transport due to the ventilation system:

L,.+Ls+Lv =0

(2)

C.,.+ Cs + Cv=O

(3)

The tenn describing the transport through the building shell L8 and C8 can be neglected. The latent heat LA
released by the animals is the difference between the total heat production QA (2) and the sensible heat releaseS"
(5,7,8).
The odour release of the livestock building originates from the animals, polluted surfaces and the feed. Outdoor
odour sources like slurry tanks or feed storage facilities are not taken into account. The emission of the livestock
building at the outlet air is quantified by the odour flow (OU/s) and the specific odour flow (OU/s LU)
normalised by the livestock unit LU equivalent to 500 kg live mass. The specific odour flow (OU/s LU) depends
on the kind of animals and how they are kept. Available data are summarised by a literature review of Martinec
et al. (1998). For the model calculation presented here, a mean specific odour flow of 100 OU/s LUanda mean
live mass of 60 kg per fattening pig (M =.12 LU) are assumed. For the model calculation, no diurnal variation of
the odour release was assumed (11).

RESULTS
The thermal situation of the calculated livestock building is characterised by the indoor temperature as a function
of the outdoor temperature (Fig. 1). Three subsets can be distinguished in relation to the indoor air temperature.
(1) Below an indoor temperature of the set point Tc of the control unit, the indoor temperature cannot be
controlled by the ventilation system because the minimum volume flow has to fulfil the requirements of the air
quality needs of the animals. The change of the indoor temperature is then proportional to the change of the
outdoor temperature as a result of the constant volume now V min· About 17% of the time the indoor temperature
is lower than Tc. (2) In the relatively small temperature range between Tc and Tc+~Tc. the indoor temperature
can be influenced by the ventilation system by changing the volume flow (about 57% of the time). (3) Above
Tc+~Tc. the change of the indoor temperature is again proportional to the change of the outdoor temperature
(27% of the time) caused by a constant volume flow (Vmax).
The change from outdoor to indoor air condition is shown as a psychrometric chart (1) in Fig. 2. For an
increment of 2K and 1glkg the vectors give the change of the temperature and humidity ratio. For low outdoor
temperatures the endpoints of the vectors are below the saturation curve (10.5%}, which means that inside the
livestock building the relative humidity is 100% and the surplus of humidity is reduced by condensation.
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Fig 1: Indoor air temperature of the livestock building in relation to the outdoor temperature. The
data set can be divided into three parts signed by arrows: (1) Indoor air temperature below the set
point temperature T c of the control unit, (2) the controllable range, and (3) indoor air temperature
above T c+~T c·
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Fig 2: Psychrometric chart of the indoor and outdoor air condition. The vectors show the change of air
temperature and humidity ratio due to the livestock, the building and the ventilation system. For the
endpoints of the vectors below the saturation curve a relative humidity of 100% and condensation of the
surplus of humidity is assumed (10).

Wet surfaces are one of the main problems during the cold period in the middle latitudes inside livestock
buildings. The evaporation process can be assumed as adiabatic (5,7,8). Evaporation can be interpreted as a sink
of sensible heat and a source of latent heat. Therefore the assessment of the amount of wet surfaces inside the
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livestock building is a useful tool to evaluate this effect. The occurrence of condensation is calculated by the
inside surface temperature and the dew point temperature. During 52.5% no condensation takes place, during
16.2% all surfaces are wet. A big contribution to wet surfaces is caused by the ceiling with 74% of the inside
surface with a duration of 22.8%.
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Fig 3: Volume now and odour concentration (a) and volume now and carbon dioxide concentration
(b) as a function of outdoor temperature. Odour and C01 concentration are used to classify the indoor
air q uality (odour intensity: 5 very strong 53%, 6 extremely strong 47%; C01: good 66%, acceptable
29%, poor 5%) (limit values according to 2,12,13,14).

The air quality is evaluated by the odour and C~ concentration. In Fig. 3 the correlation between the volume
flow of the ventilation system and the two concentrations is shown as a function of the outdoor temperature. The
contrary trend of the volume flow and the concentration points out the importance of the ventilation system and
its control unit, defined by the design values. The model calculation yields an odour duration of 52% of the time
with an intensity of 5 (very strong) and 47% of 6 (extremely strong). The C02 concentration shows 66% of good
air quality (below 2.0 Vm3), 29% acceptable and 5% poor air quality (above 3.0 Vm3).
DISCUSSION
The model presented here describes mechanically ventilated livestock buildings. In Austria about 20% of cattle
houses and 39% of pig houses (63% of fattening units) are mechanically ventilated (13). Especially for pigs and
poultry, which are mostly housed in environment-controlled buildings, appropriate models are necessary to
investigate the system behaviour of the indoor climate, whereas sheep and cattle are often housed in naturally
ventilated buildings, in which the volume flow is caused by buoyancy and wind pressure.
The validation of the steady-state balance model used is done for a wide range of input parameters like the
livestock, the insulation of the building, and the ventilation system. For beef cattle, Schauberger and Pilati (7,8)
propose the following improvements: (1) diurnal variation of the total heat release due to the animal activity, (2)
the evaporation on wet surfaces by a temperature depending factor ks describing the portion of sensible heat used
to transfer liquid water into the gaseous phase. Pedersen et al. (5) have done the validation for cattle, pigs and
poultry. Their modification of the basic equations given in CIGR (2) are used here to improve the balance model
especially for the portion of the total heat which appears as latent heat. The constant value of 61% of sensible
heat of the total energy release of the animals by Pedersen et al. (5) is in good agreement with Webster (15)
arguing that pigs and poultry have only limited feasibility to adapt to the sensible heat loss (sweating) with
temperature.
Nevertheless, the assessment of the evaporation on wet surfaces is a big issue for the energy balance of the
livestock building ( 1,7,8,16,17). A principal problem is the fact that transpiration by animals cannot be separated
from the evaporation of wet surfaces by measurements of the different heat fluxes of a livestock building in
housing level. Whether it is appropriate to improve the model by a modification of the latent heat loss of the
animals (5) or by an additional term, describing evaporation, is still an open question.
Odour is a relevant pollution concerning the indoor air quality for stockmen and farmers as well as an airborne
emission in the vicinity of livestock buildings. The potential health effects of odour are discussed by Schiffman
(18). For the UK Skinner et al. (19) report that about a quarter of the complaints received by the Environmental
Health Officers are related to odour. Inside the livestock building, the odour intensity is in level 5 (very strong)
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or 6 (extremely strong) all the time. Such high concentrations could have health effects described by Schiffman
et al. (18) like respiratory problems to nausea, fatigue, headaches and plugged ears as well as psychological
symptoms. Indoor carbon dioxide concentration is mainly selected as a key parameter to evaluate the indoor air
quality in relation to animals (13), because the maximum concentration in workspace is 5 Vm3 compared with
3 Vm3 as criteria for poor air quality (Fig. 3).
For design purposes, sensitivity studies for various system parameters are helpful. Schauberger (20) used a static
model for animal density, insulation of the livestock building, and the ventilation rate. Model calculations are
also a useful tool for herd management decisions. By comparing model calculations with measurements of the
thermal environment inside animal buildings over longer times (eg fattening period of pigs of about 3 months),
the design values of the ventilation system, the quality of the control unit and the influence of livestock
management (eg feeding time) can be investigated (9).
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ABSTRACT
Work carried out for this paper involves the measurement of ventilation rate through a specially designed (test
installation) chamber (2.8m\ with a 45cm diameter fan at either end. Ventilation rate is measured via a unique
rotary impeller designed in Leuven. Pressure and temperature are also recorded. The test installation has been
designed and built in order to develop and evaluate new control algorithms for regulating the airflow rate, and to
study the dynamic influence of pressure changes that act as a disturbance on the ventilation rate generated by the
fans. The test installation has been built at the Laboratory for Agricultural Buildings Research, Leuven
University, Belgium. A series of step input experiments, with varying degrees of disturbance were carried out in
order to identify and estimate a transfer function (TF) model of the system using the Simplified Refined
Instrumental Variable (SRIV) algorithm. The average control model obtained in this manner is utilised in the
development of a Proportional-Integral-Plus (PIP) control system. Finally, Monte Carlo analysis is employed to
demonstrate the robustness of the controller over most of the operating regime.
INTRODUCTION
Ventilation rate has been shown to be the single most significant influence on the quality of the microclimate
surrounding animals or plants within the majority of agricultural buildings (livestock housing, glasshouses,
storage warehouses etc.) (l, 2, 3). For example, in the case of livestock housing, without a unified air
distribution within a building enclosure, the animal comfort and welfare are drastically reduced. It has been
demonstrated in numerous studies that imperfect mixing is present in many agricultural buildings, (4, 5, 6, 7, 8).
The idea of a control volume (CV) representing the imperfectly mixed airspace within ventilated building
structures was first proposed by (7). Since then, further studies by (9, 10) have utilised the CV idea. In the
former (9), non-linear variations of the ventilation rate and heat supply are modelled to obtain the dynamic
response of the imperfectly mixed 3D airspace; while the latter (10) uses discrete-time 'black box' transfer
function models to identify measured temperature and humidity variations within naturally ventilated pig
housing. Young and Lees (11), have suggested that mass and energy transfer in fluid flow systems is often
dominated by imperfect mixing. This has led to the development of a new Data-Based (DB), Active Mixing
Volume (AMY) model of imperfect mixing, which often describes experimental data much better than
conventional mass and energy transport models. This AMY theory is a generalisation of the Aggregated Mixing
Zone (ADZ) model for pollutant transport in rivers, which has proven successful in previous applications, e.g.
(12).
The Data-Based (DB) TF modelling methodology is generally simpler to apply to time series data than
Computational Fluid Dynamics (CFD) techniques. CFD simulation modelling has been attempted for the
present system, but validation has proved to be difficult (13). It has the advantage of allowing a 3D space to be
modelled and visualised, but it is not easy to define parameters such as the boundary conditions (14). CFD is not
in an easily useable form for the present control system design context. Thus, the DB TF modelling approach
used within this paper provides as a more straightforward solution.
The laboratory test installation at Leuven is set up as shown in figures l and 2. The test facility is constructed
with a 75mm x 50mm wooden framework, supporting a plywood cube-shaped pressure chamber, (labelled [4] in
figure 1) (dimensions 2.8m x 2.8m x 2.8m), with smooth inner walls from which air is extracted at one end by
the test fan [1] (diameter 0.45m). At the other side of the pressure chamber a second fan [5] is used to create a
dynamic pressure difference over the pressure chamber, thus simulating wind action on the test fan [1] (dia.
0.45m). Different disturbance patterns were applied, ranging from simple step functions changing the pressure
between two different levels at periodic time steps to more realistic wind pressure simulations, derived from
wind pressure measurements in a real scale building. Applying different voltages to both the control and
disturbance fan alters these 'patterns'. In addition, modifying the throttling valve position introduces further
changes to the dynamics of the system. An accurate ventilation rate sensor [3] (certified accuracy: 50 m3/h) is
used for continuous feedback control. Besides the rotational speed of the fan, a second control actuator has been
built in by means of a controllable valve [2], which can be used to restrict the airflow through the chamber.
Static pressure differences over the test fan are measured with a differential pressure sensor, [12] that is
automatically calibrated at the start of each experiment against a reference pressure sensor [13]. During this
calibration an air pump [10] is activated by means of an 1/0 card [11], connected to a PC [9], in order to generate
different levels of reference pressure over both the differential pressure sensor [12] and the reference pressure
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sensor [13]. The calibration curve obtained from these measurements is used for automatic calibration of the
pressure data. Vranken et a/.(15).
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Figure 1: Schematic layout of the test chamber and control equipment; the numbers 1-14 are explained in
the text.
Table 1 lists the 7 different variables that are continuously measured by the computer interface link to the test
chamber.

Table 1: Within the test installation the following variables are
continuously measured.

1
2
3

4
5
6

Figure 2: Test chamber in Leuven
with associated control equipment.

7

The pressure difference over the pressure
chamber (inside to outside)
The temperature of the incoming air
The rotational speed of the airflow rate
sensor
The position of the throttling (restricting)
valve
The voltage applied to the test fan
The electric energy consumption of the
test fan
The voltage appl ied to the disturbance
fan

Pa

oc
RPM
%Closed
%Potential
Watts (W)
%Potential

Figure 3 shows the characteristics of the airflow rate plotted versus percentage potential input voltage. The
region between the two dashed lines indicates a near linear response to voltage input, while below and above the
lines the response is significantly slower, yielding a non-linear 's' wave response. No airflow rate is measurable
below -10% of potential voltage, this is due to the motor characteristics of the fan, which are governed by the
quality of the armature and commutator, i.e. the spacing between the sections of the armature head. As the
spacing between the sections of the armature head increases, the greater the voltage required to start the motor
turning. From figure 3, it is clear that the optimum airflow rate occurs from -15% to -SO% of potential vo ltage.
This coincides with the results obtained from the DB modelling, where the best model fits are found to occur
with percentage voltages of below 50%. Above SO% the data becomes noisy partly due to pressure increase
within the chamber.
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Figure 3: Characteristics of airflow rate with increasing percentage voltage input to the test chamber in
Leuven.
METHODS
Over 100 open loop experiments were run on the Fan Test Installation chamber in Leuven, and 22 of them have
been investigated for the purposes of this paper. The experiments were stepped in nature, with a potential
voltage applied to both the control and interference fans ranging from 15-19%; 30-34%; 45-49%; and finally, 6064%. However, it was found that, at values much above 50%, the airflow rate did not alter much, while the
noise is amplified greatly, due partly to the pressure increase within the chamber and its position on the 's' curve
above (figure 3). Thus, most of the experiments are concentrated on the three lower ranges. Four complete steps
were recorded for each experiment in an attempt to capture the dynamics of the system at each particular voltage.
The airflow rate was allowed to settle into a 'steady' state at the top and bottom of each step before the step
direction was changed. In addition, further experiments were carried out where the throttling valve was
implemented at different closures, and the disturbance fan set to simulate different disturbances using a variety
of potential voltages both positive and negative. A final set of experiments using random steps with the
disturbance fan are presently under investigation, and the results will be reported in future publications.
The discrete-time SRIV algorithm (15, 16) has been utilised to identify the linear transfer function (TF) model
(difference equations) between the input (voltage) and the output (ventilation rate). The model structure is
identified with the coefficient of determination ( RJ:,) and the Young Information Criterion (YIC), (16).
The SRIV algorithm identifies a first order model as the optimum model when both YIC and
been applied to the 22 different experiments shown in table 1.
b z- 1
y(k) =
I
I u(k)
1 + a, z-

RJ:,

statistics have

[1]

where, b1 and a 1 are defined as the model parameters, see table 2.
Experiment (exp3a): (Typical modelling results are discussed below for the experiment labelled (exp3a) in
table 2).
This model (exp3a) has an Rj of 0.976, i.e. it explains more than 97% of the data, and has a highly negative
-12.659, which indicates the model is not overparameterised (which is not surprising because it is a
YIC of
first order model). The model output (airflow-rate) and input (voltage to control fan) data are shown in figure
4(a), which shows an excellent model fit to the stepped data. The TF of experiment (exp3a) is as follows,

y(k) =

[2]

2.75405 u(k-l)
l-0.95426z-l

here, the model parameters and their associated standard errors are,
a 1 = -0.95426(0.00058)
[3]

b, = 2.75405(0.03 153)

and the Steady State Gain (SSG) (the overall gain of the system) and Time Constant (TC) for exp3a are given by,
Bd
2.75405
[4]
SSG =
= 60.21544
1- Ad
1- 0.95426
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TC

=-

1
-

ln(Ad)

=

1
ln(0.95426)

21.36037

[5)

The SRIV algorithm is applied to each set of experimental time series data to yield table 2. The averages of each
parameter are then computed·(table 2) to generate an average TF model for the system·(eqn. 6), which is given
below. The average model from table 2.has the following a1 and b1 parameters,
y(k)= 7.097.7z.-J. u(k)

[6).

1-0:8933z-1
The Transfer Function (TF) (eqn. 6) can now be utilised for model-based control system design.

The plots in figure 4 show two different model fits whicti are at two different ends of the 's' curve in figure 3.
Plot 4a, is for a 15-1-9% step input voltag_e and a 75% constriction of the 'throttling' valve. Here there is no
pressure effect present, while plot 4b has a step input of 45-49% with a 50% constriction of the 'throttling' valve
and the top and bottom of the step are 'noisy' due to pressure build up and the model·fit is not as good as that in
exp3a.
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Figure 4: Ventilation rate and· model fit of exp3a (a) (YIC = -12.6586; RT = 0.9758; M odel' Order =[1, 1,
1]). and expJc (b) (YIC = -H.OS7; RT= 0.968;.Model Order =[1,.1, 1]), fr.om Leuven ventilation.test rig.

RESULTS
Table 2, below, shows the results of 22 models, obtained from the various step inputs described. earlier. The.
models typically show highly negative numbers for the YICindicating well-defined parameter estimates. All but
of 0.9 or greater, denoting excellent model fit to the. time series data. Ttie model
two of the models have an

R;
with the lowest YIC and R; is experiment (exp8d), which has a step input of'60-64% voltage applied to the
control fan. Here, the YIC is only -5.5230 compared to the average of -11.4137 and the R; is 0.6586, which is

30% lower than the average R'f. of 0.95. As mentioned earlier, this is partly due to the pressure build-up within
the chamber and the position of the 60-64% voltage on the 's' curve in figure 3, where the airflow rate has all but
levelled off. Thus a tremendous amount of noise is generated at each end of each step. In addition, quantisation
is present on the plot of experiment (exp8d), where data values are fluctuating between two close measurement
levels. For this reason the noise to signal ratio is high and the R'f. correspondingly low at 0.6586.
DISCUSSION
In figure 5, the estimated steady state gains (SSG) are plotted against the ventilation rate operating point (i.e., a:
15-19%; b: 30-34%; and c: 45-49%) for the various disturbance fan and valve position settings shown in table 2.
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Table 2: Modelling results for 22 experiments with the averages shown at the bottom.
ID file

Step Input

Dist. Fan

Va1vePos.

Param. Ad

Param. Bd

SSG

TimeConst. YIC

RT2

exp3a

15-19

0

-0.954263

2.754057

60.215443

21.36037

-12.65866

0.97581

exp3b
exp3c

30-34
45-49

0

0.98662

0

50
50
50

exp4a

15-19

0

-0.900498

10.13318

1.02E+02

9.541347

-13.17953

-0.870216

5.875056

45.268096

7. 193554

-11.05741

0.96767

75

-0.973945

0.931167

35.738319

37.87793

-15.77357

0.99199

exp4b

30-34

0

75

-0.929405

3.456113

48.956949

13.65922

-13.31765

0.98537

exp4c

45-49

0

75

-0.908475

2.169974

23.709201

10.41803

-1 1.78184

0.97604

exp5a
exp5b

15-19
30-34

exp5c

15+ve

0

-0.93222

4.229869

62.406237

14.24786

-13.35222

0.98541

0
0

-0.898155

15.43124

1.5151674

9.30987

45-49

15+
15+

-0.832778

13.71115

81.99356

-12.95611
-10.74347

0.98448
0.96534

exp6a

30-34

40+

0

-0.874858

exp6b

45-49

40+

0

-0.746808

13.88268
16.8075 .

l.IIE+02

5.464823
7.47979
3.425272
14.90196

- 11.63471

0.97248

-7.50372

0.9125

exp7a

15-19

15+

50

-0 .935097

3.288942

66.382323
50.674546

-12.83699

0.98166

exp7b

30-34

15+

-0.879836

12.32785

1.03E+02

7.811297

-13.368

0.98919

exp7c

45-49

15+

44.680733

6.958048

-9.971781

0.95147

15-19

40+

-0.866132
-0.94099

5.98134

exp8a

50
50
50

1.303277

22.085623

16.44115

-10.79882

0.94541

exp8b

30-34

40+

50

-0.8943 11

8.959234

84.769605

8.952396

-12.13953

0.97667

exp8c

45-49

40+

9.471913

53.739752

5.157443

-9.000874

0.93962

60-64

40+

50
50

-0.823745

exp8d

-0.833661

2.764027

16.616821

5.496664

-5.522961

-0.938453
-0.924514

1.173269
3.680799

19.062854
48.761468

15.74235
12.74098

-11.9605

0.65862
0.97006

-11.17443

0.95982

-0.92185

1.790408

11.126189

12.28913

-10.49259

0.93825

-0.885216
-0.8938

0.647337
7.0977

5.5912231
55.0268

8.201859
11.2426

-9.130237
-11.414

0.90813
0.9540

exp9a
exp9b

15-19

15+

75

30-34
45-49

15+
15+

75
75

60-64
exe9d
MEANS

15+

75

exp9c

Figure 5 shows that the highest SSG values are associated with the experiments labelled 'b' in table 2, i.e. steps
in voltage from 30 to 34%. In this manner, figure 5 illustrates the physical meaning of the SSG of the system: i.e.
the most efficient operating point with regards to the airflow rate is the inflection point of the s-shaped curve in
figure 3. Similarly the TC's all show a downward trend as the voltage to the control fan is increased, especially
through the linear
160
200
part of figure 3,
1<0
150
although
these
0
120
0
100
~
results are not
100
plotted in the
60
present paper: The
lb
1c
2a
2b
2c
of ·
significance
120
50
this latter result is
100
presently
being
0
0
evaluated.
(I)
(I)

(I)
(I)

(I)
(I)

60
<0

3a

3b

20

4a

4b

4C

Control

The objective of
the
present
modelling
investigation is to design a control system for the control of ventilation through the test chamber. The objective
here is twofold: in the first place, to ensure the comfort and well being of the animals; and secondly, to limit the
costs to the farmer. In order to maintain the well-mixed zone within the chamber the voltage to the input fan has
to be adjusted for any deviation from the desired airflow rate. It is hoped that it may be possible to control the
microclimate of the well-mixed zone, and move this well-mixed zone around the chamber to regions that are
known to be imperfectly mixed, (1 1), although this is beyond the scope of the present paper.
Figure 5: Steady State Gains of experiments (expla-c; exp2a-c; exp3a-c and
exp4a-c).

The Proportional-Integral-Plus (PIP) controller which is utilised here, can be interpreted as a logical extension of
conventional Proportional (PI) and Proportional-Integral Derivative (PID) controllers, with additional dynamic
feedback and input compensators introduced automatically when the process has second order or higher
dynamics or pure time delays greater than one sampling interval. In contrast to conventional PIIPID controllers,
however, the PIP design has numerous advantages: in particular, its structure exploits the power of State
Variable Feedback (SVF) methods, where the vagaries of manual tuning are replaced by pole assignment or
Linear Quadratic (LQ) design; see e.g. (18). The advantage of DB modelling methodology is its simplicity and
ability to characterise the dominant modal behaviour of a dynamic system. This enables such a model to be ideal
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for model-based control system
design. In the present paper, the
1.2
average model (eqn. 6) determined
1
earlier is utilised in the design of an
~
advanced Proportional-Integral-Plus
i 0.8
(PIP) control system. It is important in
-.
~
model-based control system design
that the robustness of the control
system is considered with respect to
parametric uncertainty (18). Monte
Carlo (MC) analysis provides an
100
excellent solution to the problem.
Figure 6: Monte Carlo analysis of 22 models to test the
Figure 6, above, shows the MC
analysis of 22 models based on the
robustness of the controller.
average model controller. It is evident
from the plot that the controller is robust with the output reaching the desired level for all 22 models and no
unstable realisations.

..

CONCLUSIONS
This paper has highlighted the Data-Based TF approach to modelling time series data gathered from a series of
planned experiments carried out in a specially constructed fan test chamber, where complete control over the
ventilation rate is possible via a sophisticated interface computer link. In addition, a PIP controller has been
designed and Monte Carlo analysis applied to the 22 reported experiments has enabled the robustness of the
controller to be tested. The next stage is to implement the controller in the chamber in Leuven.
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ABSTRACT
Milk production, fat and protein contents during summer were analysed at Rafaela Experimental Station, Santa
Fe, Argentina. Daily milk production and fat (F) and protein (P) contents records from December 1, 1996 to
February 28, 1997 were utilised. Animals grazed an alfalfa pasture and from 10:00 to 17:00 were sent to a pen
where shade, water and feed were provided. Concentrate was offered during both milkings. Meteorological data,
were obtained from a station 500 meters away from the dairy farm. Average milk production was 24.6 ± 1.8
1/day , while F and P contents were 3.3 ± 0.17% and 2.98 ± 0.14%, respectively. Daily average temperature
humidity index (THI) was calculated from mean temperature and relative humidity. The well-being index (WI) ,
developed in Argentina, was also estimated. It includes air temperature, relative humidity, daily temperature
amplitude and cloudiness. Average THI was 73.5 ± 4.7, and mean WI was 50.2 ± 5.1. Productive and
meteorological data were subjected to regression analyses. When the whole period was included in the analysis,
a negative and significant (p<0.01) relationship was found between milk production and either THI or WI. Also,
a negative significant (p<0.05) relationship was detected between P and both indexes. F presented a positive,
though insignificant, relationship with either index. These results indicate a trend of a dilution effect for F. These
responses are quite interesting since most of the milk produced in this area is utilised by the cheese industry, P:F
relationship thus being commercially important. By the end of December a heat wave occurred, maximum
temperature reaching 37.9°C. During that period milk production and P were significantly related to THI
(p<0.05). WI, however failed to explain the variations in milk, but was significantly related to P (p<0.05).
Probably, the management system could explain the response in milk, and the results would indicate that P is the
most sensible milk component when the environment is stressful.

INTRODUCTION
There is a tendency to consider milk to be a primary product. However, the trends shown by world food product
markets nowadays indicate that it is not liquid milk but rather dairy products that are more important. Thus, milk
components have become more important when analysing milk quality. Up to now, great attention has been put .
on fat contents, since this component was, for a long time, the one most affecting the milk's price. At present, in
Argentina, most dairy industries use, or are about to use, pricing systems based also on protein contents, the milk
fraction presenting the highest value for human nutrition.
In Central Santa Fe milk supply area over 60% of the milk produced goes to powder milk or cheese industries,
thus being protein, especially casein, contents one of the most important features to determine milk quality (1).
Protein concentration is not constant, but is affected by different factors, season of the year being one of them.
There is a decrease in milk protein during summer in our area (2), as well as in other regions of the world (3).
There are several indexes to evaluate environments for animal production. One of the most important is the
Temperature Humidity Index (THI) developed after the work done by Thorn (4). This index had initially been
developed to evaluate human comfort, but it proved to be useful to estimate environmental effects on animals.
In Argentina, an index, the Wellbeing Index (WI), was developed (5, 6, 7). It utilises a combination of easy to
obtain and relevant meteorological parameters in order to evaluate the environment for human comfort in
summer: air temperature, relative humidity, temperature amplitude and cloudiness. The WI for winter also
includes wind speed. It has been compared with effective temperature, equivalent temperature, enthalpy and the
Terjung diagram (5).
In the present work, summer environmental effects on milk production and fat and protein contents are analysed
·
on the basis of both THI and WI.
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METHODS
Daily milk production, protein (P) and fat (F) contents data were obtained during December 1996, and January
and February 1997. The information was taken from the records of milk daily sent to the industry by two
Intensive Production Research Units (UPLI), located at Rafaela Experimental Station (31 o 11' S) in the National
Institute of Agricultural Technology (INTA). Both Units are located on soils with good aptitude for alfalfa
growing. One of them (UPLI 1) presents two parturition seasons, in autumn and spring (60:40), while in .the
other (UPLI 2) all births are concentrated in spring. Overall milk production average is 26 Vcow/day, or 15,000
Vha (2).
Average annual feeding is based on pasture, com silage and forage balancing concentrate feeds. During summer
animals receive daily 12 kg dry matter (DM) in pasture, 6 kg DM in concentrate feeds offered in halves during
the two milkings, and 2 kg DM in cotton seed and citrus pulp available in a pen where animals are sent from
10:00 till the afternoon milking. In that pen a shade structure has been built and water is available ad lib.
The indexes were calculated according to the following equations:
THI = 1.8 t + 32- (0.55-0.55 hr) x (1.8 t- 26)
where:
t = daily mean ·temperature ("C)
hr =daily relative humidity on a decimal basis

WI = 1.4 t + 0.3 HR - 0.4 at - 0.25 n
where:

HR =daily mean:temperature (%)
at =daily temperature .amplitude ("C)
n = Cloudiness (0 - .8)

WI scale for man thermal perception is:
< 14
14-20
21-28
29-36
37-44
45-53
54-60

>60

Very cold
Cold
Moderate cold
Cool
Wellbeing
Warm
·Hot
·Extremely hot

Daily meteorological data were obtained from the meteorological station, belonging to Rafaela Experimental
Station and located 500 m.away from the dairy farm.
.Productive and meteorological data were subjected to.regression analyses consideriqg the whole period, and also
duriQg a heat wave that occurred towards the end of December, when maiimum temperature reached 37.~C.

RESULTS ANDDISCUSSIGN
Average milk production was 24.6 ± 1.8 Vday, while F and P contents were 3.3 ± 0.17% and 2.98 ± 0.14%,
respectively. Mean maximum, average and mean minimum temperatures during the trial were 30.1 ± 3.90; 24.6
± 3.12 and 18.5 ± 3.01°C, respectively; mean relative humidity reached 72 ± 9.2 and mean cloudiness 4 .1 ± 1.2.
Average values for the indexes were 73.5 ± 4.8 for THI and 50.2 ± 5.1 for WI. Both represent a stressing
environment, according to (8, 9) for THI, and to the scale presented above for WI.
When productive and meteorological data were subjected to regression analyses it was seen that, when the whole
period was included in the analysis, there was a negative and significant (p<0.01) relationship between milk
production and either THI or WI (fig 1 a and b).
Also, a negative significant (p<0.05) relationship was detected between P and both indexes (fig 2 a and b).
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Figure 1: Regression of Milk production on THI (a) and WI (b) for the whole period
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Figure 2: Regression of total protein(%) as a function ofTHI (a) and WI (b) for the whole period

Fat presented a positive, though insignificant, relationship with either index. These results would indicate a trend
to a dilution effect for F. These responses are quite interesting since most of the milk produced in this area is
utilised by the cheese industry, P:F relationship being thus highly important.
By the end of December a heat wave occurred. Maximum temperature reached 37.9°C, while maximum mean
THI and WI were 79 and 56, respectively. When analysing milk production and composition in relation to THI
and WI during that particular heat wave, it was observed that milk yield presented a strong relationship with THI
(p<0.01). WI, however, failed to explain variations in this parameter. This response could be due to the fact that
during the heat wave animals were constantly seeking shade, thus probably determining cloudiness to be less
important as a factor for evaluating the environment for mil yield.
On the other hand, the regression analysis showed a significant effect of both THI and WI on P (p<0.05; fig . 3 a
and b).
These results would show that P is the most weather sensitive milk component, since it shows a good response
not only to these indexes, but also to minimum temperature (10}, when animals are under the kind of
management presented here, which was developed after (11, 12).
The overall results would also indicate that WI, even when it was initially developed for human comfort in the
argentine pampean region between 30 and 40° S and 57 and 65° W (5, 6, 7), could be successfully used to
evaluate the environment for dairy cattle production in that region.
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Figure 3: Regression of total protein(%) as a function ofTHI (a) and WI (b) for the heat wave

It could be concluded that:
•

Both indexes would be useful to explain overall variations in milk production and protein contents during
periods of :moderate he~t stress.

•

THI seems to be a better indicator of high stress effects on milk yield under a management system where
animals are 011 pasture and receive shade during the hottest part of the day.

•

Milk protein would be the most hot weather responding milk component, since it responds to both indexes,
regardless the level .of stress.

•

Milk fat does not seem to be affected by summer environment under the kind of management presented
here, except for a non significant tendency to a dilution effect.

•

It would be interesting to compare the behaviour of WI under a different management system, with no shade
allowance, in order to further ·evaluate the inclusion of cloudiness as a factor in determining heat stress on
dairy cattle.
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EFFECT OF STARVATION AND WINTER SHEARING ON
THERMOREGULATION AND SOME BLOOD BIOCHEMICAL
PARAMETERS. II. IN NON-PREGNANT BARKI EWES
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ABSTRACT
Ten mature non-pregnant Barki ewes were equally divided into shorn and unshorn groups. Shearing was done 14
days before the beginning of starvation. Measurements were taken at 0 time (before starvation; control), 2 and 4
days of starvation. Starvation decreased (P<O.OS) body weight, 0 2 consumed, C02 output, RQ , tidal volume,
minute ventilation, hemoglobin and plasma T 3 concentrations of shorn and unshorn ewes. Additionally, starvation
decreased (P<O.OS) respiration rate, plasma T4 concentration and TJT3 ratio in the unshorn ewes, while it
increased (P<O.OS) rectal temperature in the shorn and unshorn ewes, and TJT 3 ratio in the shorn ewes. Shearing
elevated (P<O.OS) skin temperature, plasma T 4 level and TJT 3 ratio in the starved ewes, and plasma T3 level in
both fed and starved ewes. On the other hand, shearing decreased (P<0.05) minute ventilation in the fed ewes and
showed the same trend in the starved ewes. Shearing also decreased (P<0.05) respiration rate in both fed and
starved ewes. Volumes of 0 2 consumed and C0 2 output tended to be higher while RQ tended to be lower in the
shorn than in the unshorn ewes. Winter shearing conclusively decreased body weight and increased rectal and
skin temperatures, which were augmented by starvation. It could be concluded that winter shearing in nonpregnant ewes enhanced heat production and this was mediated by thyroid hyperactivity to maintain animal body
temperature. Starvation decreased the calorigenic effects of winter shearing and, in the same time, decreased heat
dissipation through panting in order to reserve energy.

INTRODUCTION
Winter shearing results in some production benefits including reduced housing costs (1), reduced lamb mortality
(2), increased litter weight (3), increased lamb birth weight (4) and subsequent growth rate (5). However, sheep
shorn during winter months may be subjected to cold stress, which may be combined with a short-tenn starvation,
especially with grazing animals. It has been shown by many workers that shearing increases voluntary food intake
(2, 6, 7), which has been attributed to increased demands for energy to maintain homeothenny. Winter shearing
when was combined with starvation could result in disorders of some body physiological functions. Therefore,
the objective of the present study was to investigate the effects of winter shearing on thennoregulation before and
during starvation in the non-pregnant Barki ewes. The effect of shearing combined with starvation on some blood
parameters was also investigated

MATERIALS AND METHODS
This experiment was carried out at the fann belonging to the Animal Production Department, Faculty of
Agriculture, Al-Azhar University, Cairo, Egypt. Ten mature Barki ewes, aged 3 to 3.5 years, were randomly
assigned to two equal groups, namely shorn and unshorn. All animals were fed hay and concentrate rations
according to their requirements (8). Both experimental groups were starved for four successive days, while
drinking water was available all the time. Shearing was perfonned in early January, two weeks before the
beginning of starvation to avoid the possible effect of shearing operation on the different physiological
parameters studied (9). Body weight, thennoregulatory and blood parameters were detennined immediately
before (0 time) and during starvation (at 2 and 4 days). The respective physiological parameters were recorded
during January when mean maximum and minimum air temperatures and relative humidity were 19 and 7°C, and
87 and 41%, respectively. Diurnal changes in air temperature and relative humidity were recorded at hourly
intervals by a hygrothermograph (model 8368-60, Cole-Parmer Instrument Co., Chicago, USA) throughout the
experimental period. Blood sampling from each ewe was perfonned by a venipuncture of the jugular vein, using
heparinized evacuated tubes. Plasma was separated from blood by centrifugation (20 min at I, 500 Xg) and
stored at -20 °C for biochemical analyses.
Rectal (RT), skin (ST) and ear (ET) temperatures were measured using tele-thennometer (model43 TD, Yello~
Springs Instrument Co., Ohio, USA). Respiration rate (RR) was measured by counting flank movements per
minute. Respiratory minute ventilation (MY) was measured by a wet test meter (model GCA/Precision
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Scientific), from which tidal volume (TV) was calculated (MV/RR). The rate of oxygen uptake (V02) was
measured using Taylor servomex (type OA272) and the rate of carbon dioxide output (VC0 2) was measured by a
carbon dioxide analyzer (model AR-400). Respiratory gases were collected from each animal using a muzzle mask technique (10). Blood hemoglobin concentration (Hb) and hematocrit (Hct) value were determined
according to Bauer (11), plasma total protein (TP) according to the Biuret method (12) and albumin (A) by the
colorimetric method of Doumas, Watson and Biggs (13). Plasma globulin (G) was calculated by the subtraction
of albumin from total protein. Plasma concentrations of T4 and T3 were measured using RIA kits. Statistical
analysis was carried out using SAS program (14). Two-way factorial design with one-way repeated measurement
was used to test the effect of starvation and shearing on the different parameters.
RESULTS AND DISCUSSION
Body weight :
The present study clearly indicates that starvation significantly (P<0.05) decreased body weight in both shorn and
unshorn ewes, and this may be attributed to the anticipated catabolism due to feed deprivation. Schaefer and
Krishnamurti (15) reported that protein synthesis was reduced in ewes as a result of 48 hours starvation. Body
weight of ewes was also influenced by shearing, being lower in the shorn ewes, but the difference in body weight
between shorn and unshorn ewes was not significant (Table 1). Russel, Armstrong and White (16) showed that
shorn ewes lost approximately 2 kg live weight shortly after shearing, making allowance for the weight of wool
removed, and attributed this to the short term increases in heat production and energy expenditure.
Table 1: Effect of shearing on body weight and thermoregulatory parameters (mean±SE) before (0) and
during starvation in non-pregnant Barki ewes

Duration of. starvation (da~s)
4
0
2
40.80 ± 2.84"
35.55 ± 2.53c
s
38.42 ± 2.846
42.27 ± 3.50b
40.65 ± 3.18b
u 44.47 ± 3.731
39.25 ± 0.11•b 39.37 ± 0.04b
s 39.02 ± 0.04'
(OC)
39.05 ± 0.05b
39.30 ± 0.07b
u 38.90 ± 0.04·
Ear temperature
30.80-± 1.99"
33.85 ± 1.35"
35.60 ± 0.43"
s
(OC)
34.90 ±1.05"
u 31.47 ± 1.92"8
33.77 ± 0.748
37.10 ± 0.38
37.87 ± 0.34"
37.97 ± 0.17aA
Skin temperature
s
(OC)
37.25 ± 0.09&8
u 36.95 ± 0.42"
37.45 ± 0.428
Respiration rate
s 29.75 ± 1.88aA 28.25 ± 1.038 29.50 ± 0.50aA
36.75 ± 1.43abB
32.50 ± 2.32b
(breaths/min)
u 37.75 ± 1.60aB
6.40 ± 0.51 aA
4.97 ±0.69b
2.86 ± 0.69c
Minute ventilation
s
8.78 ± 0.66aB
6.92 ± 1.12'b
4.01 ± 1.25b
(L)
u
0.176 ± 0.03b
0.096 ± 0.02c
Tidal volume
s 0.216 ± 0.02'
0.105 ± 0.03b
(L)
0.215 ± 0.048
u 0.232 ± 0.02"8
488.5 ± 83.3b
s
705.8 ± 89.1
685.5 ± 89.58
02 uptake
(ml/hr. kg0.7S)
487.3 ± 70.9"b 307.0 ± 69.2b
u 570.5 ± 27.388
565.0 ± 78.1b
354.8 ± 7l.Oc
697.7 ± 71.2
C02 output
s
(ml/hr. kg0.7S)
462.6 ± 76.5ab 247.0 ± 58.9b
u 571.7±40.1 8
0.824 ± 0.07b
0.726 ± 0.08c
Respiratory quotient
s 0.988 ± o.o5"
0.949 ± 0.04b
0.805 ± 0.06c
u 1.002 ± 0.068
a.&. c Means in a row with unlike superscripts differ (P < 0.05).
A,BMeans of a certain estimate in a column with unlike superscripts differ (P<0.05).
Parameter
Body weight
(kg)
Rectal temperature

S =shorn; U =unshorn.
Body temperatures :
Rectal and ear temperatures did not change significantly but they tended to increase in response to shearing.
Saddick and Abdei-Rahman (7) also found no significant change in rectal temperature of lambs due to shearing.
On the other hand, Russel, Armstrong and White ( 16) showed that rectal temperature of unshorn ewes was higher
than that of shorn ewes, but was not elevated to an extent indicative of heat stress. Skin temperature was also
higher in the shorn than in the unshorn ewes, being only significant (P<0.05) at 4 days of starvation (Table 1). In
this respect, rectal and skin temperatures tended to be higher in the shorn ewes, probably due to increased heat
production to maintain body temperature under cold climate during winter season.

376

Rectal temperature was elevated (P<0.05) at 4 days of starvation, compared with that recorded prestarvation in
both shorn and unshorn ewes. Skin and ear temperatures were not significantly influenced but they tended to
increase by starvation in both shorn and unshorn ewes. Folk (17) stated that body temperature is naturally
maintained at a relatively constant level because of the balance which exists between heat production and heat
loss. This may explain the insignificant differences either due to shearing or starvation (Table 1). However, the
present results clearly indicated that both shearing and starvation induced slight hyperthermia, which was more
pronounced in the 4 days starved shorn ewes, indicating that starvation may interfere with the mechanism of
thermoregulation.
Respiratory activities and gas exchange:
The present results displayed that shearing in the fed ewes induced a significant (P<0.05) decrease in minute
ventilation which was mainly due to a significant (P<0.05) reduction in respiration rate, since a decrease in tidal
volume was insignificant (Table 1). Heat dissipation in the shorn ewes is mainly dependent on radiation and the
evaporative cooling by sweating, since shearing enhanced evaporation through skin surface (18). In agreement
with the present results, Russel, Armstrong and White ( 16) reported that winter shearing decreased respiration
rate in ewes. On the other hand, respiration rate also decreased by starvation, being significant (P<0.05) at 2 days
of starvation and this effect was augmented by shearing. Decreased respiration rate of the unshorn ewes in
response to 2 days of starvation may be a thermoregulatory mechanism to decrease heat dissipation through
panting. The present study further showed that respiratory gas volumes (V0 2 and VC0 2) tended to be higher in
the shorn ewes, suggesting more heat production (19), as compared with the unshorn ewes. Symonds et al. (20)
reported a significant increase in P~ and Pco2 in the arterial blood of the shorn ewes, which was associated with
increased blood concentrations of hemoglobin and T 3 • They suggested that these results may be an indication
of a higher metabolic rate and greater energy requirements of the animals. The increased heat production, which
has been suggested in the present study was supported by the hyperthermia recorded in the fed and starved shorn
ewes.
The present study also revealed that heat production, as indicated by V0 2 and VC0 2 changes, was significantly
(P<0.05) decreased by starvation and duration of starvation in both shorn and unshorn ewes, reaching the lowest
values at 4 days of starvation. This decrease in heat production was due to the reduction in both metabolic heat
production and specific dynamic action of food due to starvation. Feed deprivation in sheep was found to
decrease glucose cell uptake and utilization (21), blood flow in the alimentary tract (22) and food absorption
(23). Moreover, Kelly et al. (24) found that 0 2 consumption of ewes fed twice maintenance was higher than that
of those fed maintenance ration or starved. Starvation decreased (P<0.05) RQ of shorn and unshorn ewes and
this effect was more pronounced in the shorn ewes. The reduction in RQ indicates that starvation caused more
reduction in VC02 than in V02 due to catabolism of protein (RQ near 0.8) and fat (0.7) instead of mixed diet or
carbohydrate (almost 1). As a result, after 2 days of food deprivation both shorn and unshorn ewes began to use
the storage fat and body proteins as sources of energy. Naqvi and Rai (25) reported in short-term fasted sheep
that the altered metabolism was mainly reflected by changes in the concentration of blood lipid metabolites.
Blood parameters :
Plasma total protein, albumin and globulin were not significantly influenced by starvation (Table 2). Consistent
results were obtained by Naqvi and Rai (25) who reported that plasma total protein and albumin did not show
variations during 48 hours of fasting in rams. Meanwhile, with prolonged starvation, Vihan and Rai (26)
reported that total protein values were significantly reduced in 5 days starved sheep and goats. Present results
detected a significant (P<0.05) decrease in the hemoglobin concentration accompanied with a nonsignificant
decrease in the hematocrit value in the shorn and unshorn ewes at day 4 of starvation, which indicating anemia.
Shearing is less effective in this respect. Astrup and Nedkvitne (27) reported that pronounced changes in blood
parameters appeared during the first week after shearing. It is worthy mentioning that the blood parameters in our
study were measured after two weeks of shearing. The tabulated data (Table 2) show that shearing significantly
(P<0.05) increased T 4 level in the starved ewes, and T 3 level in both fed and starved ewes. The T./1'3 ratio was
significantly (P<0.01) higher in the shorn than in the unshorn ewes at 4 days of starvation. Under cold exposure,
Drews and Slebodzinski (28) reported that T 3 level increased to a maximum at 4 hours after shearing, while T4
reached its maximum after 24 hours. Data in Table 2 also reveal that circulating levels of T 3 in both shorn and
unshorn ewes and T4 only in the unshorn ewes were decreased by starvation. The decrease of plasma level of T4
was significant (P<0.05) in the unshorn ewes at 2 and 4 days of starvation, while that ofT 3 level was significant
(P<0.05) in both shorn and unshorn ewes at 4 days of starvation. The T./f3 ratio increased (P<0.05) in the shorn
and decreased (P<0.05) in the unshorn ewes at 4 days of starvation. In accordance with the present results,
Wronska et al. (29) reported that starvation decreased T 4 and T 3 levels in sheep. They concluded that food
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deprived sheep possess a mechanism by which they could suppress the stress-induced rise of catabolic honnones
in order to save energy expenditure.
Table 2: Effect of shearing on some hematological and plasma biochemical parameters (mean±SE) before
(0) and during starvation in non-pregnant Barki ewes
Duration of starvation (days)
2
4
0
s
7.87 ±0.04"
8.35 ± 0.568
7.79 ± 0.13 8
u
7.77 ± 0.188
7.50 ± 0.491
7.57 ± 0.35"
Albumin (gldl)
s
3.83 ± 0.11 8
3.96 ±0.08"
4.01 ±o.os•
3.87 ± 0.238
u
3.74 ±0.23"
3.91 ± 0.198
8
Globulin (gldl)
s
4.03 ±0.09
4.38 ±0.508
3.78 ± 0.178
8
8
u
3.90 ± 0.32
3.75 ±0.62
3.65 ± 0.41 8
8
0.93 ± 0.09"b
1.06 ± 0.05b
Albumin/Globulin
s
0.95 ±0.05
8
u
1.02 ± 0.13
1.10 ± 0.22"
1.12 ± 0.181
Hemoglobin (gldl)
12.22 ± 0.66"
11.17 ± 0.08"
10.05 ± 0.16b
s
11.82±0.71b
9.70 ± 0.41c
u
14.07 ± o.88•
Hematocrit (%)
s
31.25 ± 0.958
30.50 ± 1.251
29.75 ± 0.85"
u
31.50 ± 0.871
29.75 ± 1.251
29.00 ± 1.778
10.32 ±0.8~
12.10 ± 0.57aA
11.65 ± 0.59aA
T4 (#Lg/dl)
s
7.37 ± 0.76bB
4.55 ± 0.86cB
10.80 ± 0.85"
u
107.5 ± 7.23aA
98.25 ± 6.16aA
77.50 ± 2.59b
T3 (ngldl)
s
84.00 ± 4.65aB
76.25 ± 5.07aB
64.25 ± 7.60b
u
123.2 ± 13.3•b
150.3 ± 3.Q9bA
s
96.00 ± 13.28
T4/T3
70.80 ± 9.20bB
96.70 ± l3.7b
u 128.6 ± 8.65"
a.G. c Means in a row with unlike superscripts differ (P < 0.05).
A.B Means of a certain estimate in a column with unlike superscripts differ (P < 0.05).
Parameter
Total protein (gldl)

S = shorn; U = unshorn.
It is concluded from the present study that winter shearing enhances, while starvation depresses energy
production through activating and inhibiting thyroid gland activity, respectively. Starved animals can maintain
their body temperature by decreasing heat loss through evaporative cooling and increasing heat production
probably through shivering. It is recommended to avoid shearing in the cold season in general, and in particular
when adequate feed requirements for sheep are not available.
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BIOMETEOROLOGY- AN ACKNOWLEDGED NATURAL SCIENCE
The roots of Biometeorology can be dated back to the ancient times when e.g. in the Gilgamesch-Epic (3000
b.C.) the "Seven Evil Winds" were described as demons causing diseases and fever, or when Hippokrates (400
b.C.) warns physicians not to do surgery on days with weather changes because of a higher risk for
complications. But only after progress had been made in physics, biology and modern statistical methods in the
course of this century did biometeorology become an acknowledged natural science. Today biometeorology is
based on the principles of physics and chemistry as well as on biology and medicine. It still conceives itself as a
branch of applied meteorology. The latest definition of biometeorology passed by the Executive Board of the
International Society of Biometeorology (ISB) in 1996 states: "Biometeorology is an interdisciplinary science
dealing with the application of fields of meteorology and climatology to biological systems. The general scope
includes all kinds of interactions between atmospheric processes and living organisms - plants, animals and
humans". Already from this definition it becomes evident that according to the biological species there are
roughly three subbranches ofbiometeorology, i.e. plant (phyto), animal and human biometeorology.
ESSENTIALS OF BIOMETEOROLOGY IN THE PAST CENTURY
The past century can be characterized as a very progressive and fertile for biometeorology. It became common
knowledge that the "distribution, development, growth and physiological processes of plants on the one hand are
strictly determined by weather and climate. On the other hand, these are more influenced by plants than by all
other biotic elements in terrestrial ecosystems" (1). By modelling and measuring heat and water fluxes between
plants and the atmosphere quantitative infonnation could be gathered in the fields of agro- and forest
meteorology. Bill Reifsnyder (2) summarized the achievements of agro-meteorology in the 20111 century as
follows: "Work by Thornthwaite, Penman, Budyko and others stimulated research on crop evapotranspiration.
Earlier work by I. S. Bowen on the ratio of the transfer of heat to the transfer of moisture through the boundary
layer was rediscovered by micrometeorologists and applied to the measurement and analysis of energy fluxes
above crops. Frederick Brooks applied these and other concepts to problems of crop growth in California. The
sixties and seventies saw attempts to model heat flux and microclimate in plant stands on a physical and
mathematical basis. These works stemmed largely from Raschke's earlier work on the energy balance of single
leaves. Current research on the effects of free-air carbon dioxide enrichment of the atmosphere on growth and
carbon relations in various vegetative complexes has shown that although relationships are not simple, many of
the crops studied have shown increased growth and water-use efficiency". The creation and implementation of
the system of International Phenological Gardens in Europe in the middle of the past century was the basis of
many studies in phenology and also of the current revival of this subdivision of plant biometeorology.
Animal biometeorology dealing with effects on wildlife, domestic and laboratory animals certainly is the smallest
of the three subbranches of biometeorology. Nevertheless there have been a lot of excellent studies in the past
century contributing to a better understanding of climate and weather effects. In his review on animal
biometeorologic papers in the International Journal of Biometeorology, Johnson (3) noted the following
developments: "During this time many Journal articles featured climate, season, light (solar and visible) and
controlled laboratory environmental effects on physiological and productive functions of cows, sheep, chickens,
swine, water bufffalo, laboratory rats, mice, rabbits, flies, earth wonns, corn root wonns and fish. Included also
were studies on animals of special environmental factors such as micro-waves, allergens, air pollutants, special
controlled laboratory meteorological factors and varied combinations thereof." A great portion of the animal
studies of the past century focussed on the assessment of heat stress on cattle.
In human biometeorology, from the nineteen thirties to the sixties, the "classical" medical meteorology
flourished, in which phenomena like "Wetterftihligkeit" (weather sensitivity) and meteorotropic diseases were
examined. Since no single meteorological parameter could be determined as the causal factor for the triggering of
such symptoms, weather-type schemes were defined in association with these symptoms. Certainly one of the
most important achievements of the past century was the acknowledgement that for the quantification of thennal
effects on humans energy balance models of the human body are necessary. In the seventies and eighties the
development and usage of such models became popular and state of the art in human biometeorology.
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THE LATEST DEVELOPMENTS IN BIOMETEOROLOGY
In agro and forest meteorology the menacing global climate change became a central issue of investigations.
These comprise effects on individual plants, plant stands and entire vegetation units on a regional and global
scale (1). The investigations do not only center on climate impacts on plants but also vice versa. In agro- and
forest meteorology, new methods of measuring three dimensional fluxes of energy and gases have been applied,
and models of biological response have increased the understanding of reactions of plants to environmental
changes. "Phenology has emerged recently as an important focus for ecological research, primarily because of its
considerable promise to address important questions in global modeling, monitoring and climate change" (4).
Phenology has succeeded in the extension of the international system of phenological gardens beyond Europe as
a global observation network for integral climate effects on plants. The application of remote sensing techniques
has contributed to the establishment of comprehensive phenological data bases.
In animal biometeorology "with the rapid progress of scientific technology and specialization, many animal
environmental scientists are continuously being drawn into many specialty fields of molecular biology,
immunology, neuro-physiology etc." (3). More recently environmental physiology encompasses the measurement
of sub-molecular functions in response to the environmental complex.
Today, in human biometeorology efforts are made on the refinement and expansion of prediction models for
meteorotropic diseases as an adjunct to conventional weather forecasts. Beyond the tradition European research
centers, Northern America and other regions of the globe are also witnessing the emergence of several research
groups in this field . Increasingly we see spatial plots of thermal indices, like bioclimate maps with the frequency
of exceedence or falling short of threshold PMV values (5). These maps now exist in various scales - from
neighbourhoods, single townships, regions, countries, Europe and even as a global map.
Clothing, as the most important mediator between the ambient conditions and the human body, has a very
important function for thermal comfort. During the last years a lot of studies have been done to investigate the
effects of different types of clothing materials and ensembles on the thermal perception and the thermal state of
the body.
In recent years air pollution has emerged as an important topic in human biometeorological research. The
meteorological environment influences the concentrations and sometimes also the processes of formation (e.g.
ozone) of pollutants. Air pollution is one aspect of the urban or regional climate and therefore its evaluation and
assessment - besides the thermal component of the climate - should be included in the decision making processes
of planners and politicians.
Due to the anthropogenic changes in the radiation climate of the earth the "actinic" part of bioclimate becomes
increasingly important in human biometeorology. In particular modelling of possible changes in UV -radiation
due to the stratospheric ozone depletion and resulting effects on the human body are investigated in many studies
(6).
Supported by a trend in clinical medicine to get back to natural ways of curing diseases, in the last years the
controlled use of favourable climatic conditions for the strengthening of the organism and the healing of diseases
(climatic cures in spa resorts) could be established (e.g. 7).
Electro bioclimatology as a research discipline gained back some ground within human biometeorology in recent
years. Since already in the sixties correlations between atmospheric pulse radiation (atmospherics or sferics) and
certain weather conditions were documented by Reiter (8), currently possible effects of sferics on the human
body are in the focus again. First controlled exposures to sferics generated artificially already showed causal
relationships to the electrocortical activity in humans (9). Another promising revitalised approach to look for
causes of weather effects in humans are studies on extra low frequency atmospheric pressure oscillations (10).
Weather and climate also have effects on behaviour and the psychologic state of humans. Investigations of these
kinds of relationships like, for example, domestic violence and weather (11), open up quite new fields in
contemporary human biometeorology.
The impacts of anthropogenic climate changes have been investigated in many studies during recent years. A
review on the state of the art is given in the 1996 WHO/WMO/UNEP report (12). Also, climate changes on
smaller scales, like in urban and regional climates, are within the scope of current biometeorological research, as
documented in a rapidly increasing number of international meetings in these fields. More and more we are
seeing the results of contemporary biometeorological research being taken into account in official guidelines and
standards, as well as in handbooks of various cognate disciplines. So, for example, in Germany for the first time a
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guideline of the German Association of Engineers (VDI, (13)) on "Human biometeorological assessment of
climate and air pollution for urban and regional planning" recommends the use of energy balance models of the
human body like "Klima-Michel" or MEMI and IMEM for the evaluation of the thermal component of the
bioclimate. In the "Handbook of Environmental Medicine" (14) "biometeorological parameters" have their own
chapter, authored by G. Jendritzky. This also shows how closely human biometeorology is linked to the recently
fast expanding field of environmental medicine.
THE ROLE OF BIOMETEOROLOGY IN THE NEXT CENTURY
The most important development for science in general, and for biometeorology in particular, is the rapidly
growing capability of handling data by computers, and exchange them globally via the internet. Totally new
opportunities have been opened up by ease with which we now collect, exchange, and store vast quantities of
data. In a scientific field like biometeorology where a vast amount of atmospheric data have to be linked with
complex sets of biological data, the relaxation of computational limitations means a big push for research. Also,
the availability of virtually real-time global meteorological data certainly will enhance biometeorological
research in the coming century.
In agro- and forest meteorology, among the major problems to be solved are the understanding and management
of the response of the world's crops and forests to increased atmospheric C02 concentrations. Phenology will
certainly contribute valuable information on the detection and quantification of gobal and regional climate
change over coming decades.
Animal biometeorology will certainly address the diversity of an animal's genetic adaptability and variability over
coming decades. The investigation of the effects of global warming on animals will be another challenge.
According to Johnson (3) "future animal biometeorologists will continue to search deeper into the organisms'
systematic, cellular and sub-cellular mechanisms associated with sensory responses to the specially defined
factors of the environment. The precise characterization of the physical, chemical and biotic environment, as it
affects the animal's systemic and cellular functions, will receive more attention. The physiological and/or
molecular basis for genetic differences in an animal's ability to acclimate and cope with the physical, chemical
and biotic environment are of great importance. This is especially pertinent and timely with more advanced
environmental physiologylbiometeorology and the rapid advances being made in the ability to biochemically
select and propagate superior genotypes. These advances will permit the development of more adaptive, more
tolerant and thus the availablility of more agriculturally productive animals for utilization in stressful
environments, which geographically make up much of the world" (3). According to Johnson it should be a
challenge to the InternatiOonal Society of Biometeorology (ISB) to encourage more scientific specialists to join
the creative realm of biometeorology and to share and utilize integrative biometeorological concepts in their
basic animal biological investigations.
In human biometeorology the search for causal agents of non thermal weather effects will be one of the major
fields of future research - we are still only beginning in this endeavour. The assessment of the effects of global
changes in our atmospheric environment like, for example, greenhouse effect and stratospheric ozone depletion,
will be a second important field of human biometeorologic research.
I think that in the next century biometeorology will gain prominence in the assessment of the impacts of-climate
change on the biosphere, one of the most pressing problems confronting humankind. Phenology will contribute to
the detection and quantification of these impacts. Agro- and forest meteorology will play an increasingly vital
role in helping primary producers meet the increasing demands for food and fuel on our planet. Animal
biometeorology will improve our understanding of adaptation processes in different climates, and help in the
optimization of animal productivity. Human biometeorology will help to assess and prevent potential health
hazards due to climate change, and provide comprehensive information about weather effects on humans.
Biometeorology will develop itself as one of the pillars of the so called Life Sciences. Summing up, I think it is
not unrealistic to forecast that biometeorology will increase in importance worldwide in the new century and
millenium. The International Society of Biometeorology- the only global scientific association in this field- will
be called upon to provide the forum for international communication between scientists and, in so doing, assume
increasing levels of responsibility for initiating and coordinating research in this scientific field.
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ABSTRACT
This paper provides a brief review of recent progress in several areas of combining remote sensing with SoilVegetation-Atmosphere Transfer (SVAT) schemes and Numerical Weather Prediction (NWP) models. They are
the use of remote sensing for land-surface parameterisation; estimating landsurface fluxes and state variables
with SVAT schemes; assessing spatial variability and obtaining landscape fluxes; and data assimilation into
NWPmodels.
INTRODUCTION
Various Soil-Vegetation-Atmosphere Transfer (SVAT) schemes have been developed in recent years for use
with General Climate Models (GCMs) and Numerical Weather Prediction Models (NWPMs). However, these
SVAT models face various difficulties, including comparable complexity between system components; scaling
incongruities between atmospheric, hydrological and terrestrial components; improved characterisation of soil
and land surface properties at regional and global scales; and validation of SV ATs at appropriate space and time
scales. Determining the spatial and temporal variability in land surface processes over large areas and longer
time periods is a difficult task which underlines the need for proper determination of the SV AT parameters used
in the land surface parameterisation. Improved landsurface characterisation involves aggregation over
heterogeneous surfaces which has frequently been approached in a lumped fashion, requiring single effective
parameter values which would allow SV AT and NWP models to yield realistic regional-scale surface fluxes. In
this paper we review recent progress in four areas of combining remote sensing with SV AT and NWP models.
They are the use of remote sensing for land-surface parameterisation; employing SVAT schemes for estimating
landsurface fluxes and state variables for use with NWP models; assessing spatial variability in landsurface
processes and obtaining landscape fluxes; and data assimilation into NWP models.
PARAMETERISATION OF LAND SURFACE FLUXES
Current SVAT and NWP models include increasingly complex descriptions of the physical mechanisms
governing land surface processes. The trend in modelling surface fluxes seems to be towards even more complex
SVAT structures which require large numbers of soil and land surface parameters controlling the vertical fluxes.
The underlying rationale is that improved process representation will yield parameters that are easier to measure .
or estimate. However, this is not necessarily so, mainly because SVAT models require effective values for the
various parameters at patch, regional or larger scales which are not easily estimated. Surface energy fluxes can
vary significantly in space and time due to the variability in land surface properties. Recent studies have shown
that characterising such properties is fraught with difficulties, as determining representative parameterisations is
non-trivial due to our inability to accurately measure land surface properties.
Where measurement of relevant model parameters cannot be achieved, parameters may often be identified
through calibration to measured fluxes. However, there remains significant uncertainty in the data used to
calibrate such models and constrain equally acceptable parameter sets (1). Franks and Beven (1,2) and Franks et
al. (3) describe a method for estimating the predictive uncertainty associated with possible parameterisations as
applied to a simple SVAT model (TOPUP) forced with data sets from different climatic regimes. TOPUP(4) is a
SV AT model that represents the key physical processes controlling surface energy fluxes in a realistic but
parametrically refined manner. Unlike other more complex SVAT constructs, TOPUP-SVAT requires a
minimum of only eight parameters to be specified. The Generalised Likelihood Uncertainty Estimation (GLUE)
methodology was used as a way of dealing with multiple acceptable parameter sets within a Bayesian Monte
Carlo framework. Some of the advantages of this approach include the facility to directly quantify the relative
uncertainty of model predictions and also to assess the relative sensitivity of model parameters. Furthermore, the
additional information content of long data sets and periods of poor model prediction within the data may be
assessed.
Franks and Beven (1) used TOPUP with meteorological data and evaporation measurements obtained during the
ISLSCP Field Experiment (FIFE) and two periods of measurements in the UK-Brazilian ABRACOS project.
They show that significant uncertainty is associated with the predictions of the latent heat flux, as indicated by
387

the width of the estimated uncertainty envelope. In a related study with the same model, forcing data and
evaporative flux measurements, Franks et al. (3) show the sensitivity of the SV AT model predictions by
comparing cumulative distributions for discrete performance classes in terms of cumulative evapotranspiration
and fits to measured fluxes. Good model efficiencies are achieved across the range of parameters considered.
This implies that robust calibrations are not always achieved, resulting in equifinality of different parameter sets.
The robustness of SV AT schemes in calibration would be improved by reducing the dimensionality of the
parameterisation, either by fixing some of the parameters or reducing the complexity of SV AT constructs. It was
considered that the problem of equifinality may be endemic to SV AT type models for land surface fluxes.
Further constraining of such uncertainty may be achieved by longer periods of calibration data which display as
much of the natural system dynamics as possible, by the exclusion of additional parameter sets or through
collection of additional data of different types, such as soil moisture measurements and/or thermal
measurements.
A subsequent study by McCabe et at. (5) employed the GLUE methodology to evaluate the potential worth of
temporal patterns of land surface temperature. It was found that such an approach could be successfully
employed to reduce the uncertainty associated with specified parameters at the local scale. The use of remotely
sensed thermal imagery for sampling the variability of surface fluxes and conditioning a multiple patch model
has been presented by Franks and Beven (2). The potential utility and application of remote sensing for such
purposes is discussed in the next section.
ESTIMATING LANDSURFACE FLUXES AND STATE VARIABLES
Landsurfac.e processes are controlled by a hierarchy of parameters and variables (6). For example, the estimation
of evaporation requires information on the amount of available radiative energy, the type/nature of surface and
the presence of water that can be evaporated. Remote sensing can provide insight in the spatial and temporal
variability of several key parameters and variables. However information on the aerodynamic properties of the
surface and airflow is perhaps more difficult to extract from remote sensing. Although an important issue, the
use of remote sensing to obtain radiation data (see for example 7) has not explicitly been addressed in this paper.
In this section we briefly describe how one particularly landsurface scheme (SEBAL) has approached the
problerp of estimating the sensible heat flux from remote sensing data.
The SEBAL algorithm (8) estimates land surface fluxes from the spatial variability of remotely sensed surface
temperature and reflectance as observed in individual cloud-free scenes. The scheme represents a one-layer
resistance transfer scheme which derives surface resistance, sensible heat (H) and latent heat (A.E) fluxes and
near-surface soil moisture. It has been used over a range of spatial scales (10 m -5 km) and temporal scales (30
minutes -16 days). SEBAL requires few if any concurrent field observations. Downward shortwave and
longwave radiation components are computed using a given constant atmospheric transmissivity, and an
empirical function of air temperature, respectively. The soil heat flux (G) is calculated as a fraction of net
radiation (Q) depending on NDVI.
The sensible heat flux is calculated in a series of steps. First, a scatter plot is obtained for the entire image of
surface albedo versus surface temperature T 5• Assuming that the scene contains very wet and very dry pixels, the
pixels with large evaporation rates may be recognized as having low temperatures and low albedos, whereas
areas with little or no evaporation show high surface temperatures and high albedos. Scatter plots obtained for
large heterogeneous regions frequently show an ascending branch controlled by moisture availability and
evaporation, and a radiation-controlled descending branch where evaporation is negligible. If the radiationcontrolled descending branch is well defined, the aerodynamic resistance for dry land surface elements may be
estimated reasonably well. Next, the relationship between surface temperature Ts and near-surface temperature
gradient ~T is assumed to be quasi-linear. Two extremes are identified for the image: a wet extreme where
A.E>>H and ~T=O, and a dry extreme where A.E=O. These extremes are used as anchors for the quasi-linear
relationship relating ~T to T 5• This relationship allows ~T to be estimated for any Ts across the image. Finally,
through the use of local surface roughness (Zo), based on the NDVI and the assumption of a fixed ZoMIZoH ratio,
together with a set of flux profile relationships for temperature and momentum, the sensible heat flux may be
calculated for every pixel. The latent heat flux is then the residual term in the energy balance equation. The
SEBAL scheme has been used in a wide range of case studies and has been compared with ground and airborne
flux measurements in different environments (8,9).
UNCERTAINTY AND REPRESENTATION OF LANDSCAPE-SCALE FLUXES
Significant uncertainty exists in the specification of land surface parameters as well as in the retrieval of useful
and commensurate data from remote platforms. However, the actual functional behaviour, or temporal pattern, of
latent heat flux over time is relatively conservative - the flux rarely exceeds the input net radiation and hence
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daytime fluxes are typically constrained between zero and the net radiation. The occurrence of 'non-uniqueness'
in acceptable parameter sets when compared to available data is common in environmental modeling. However,
the observation of this 'non-uniqueness' of parameter sets may be seen in a converse light. Multiple unique
parameter sets from very different parts of the parameter space, may produce the same model output response in this example a temporal series of latent heat flux. The importance of this observation lies in the fact that if we
wish to simulate a time series of latent heat fluxes, then one need only identify the functional behaviour of the
land surface (2, 10).
To investigate and represent the spatial variability of fluxes, Franks and Beven {2) employed Landsat TM data
across the 15 km x 15 km FIFE domain in Kansas. Using a simple energy balance model substantial variability
in latent hear flux (A.E) may be predicted across the domain. However significant uncertainty is also shown to be
associated with the remote sensing derived "observations" of A.E because they are based on an interpretative
model with many assumptions and uncertainty in various key parameters. This uncertainty is estimated and
explicitly incorporated into the model identification process through the use of a fuzzy measure approach.
Multiple realisations of the TOPU P SV AT model were run over the longer time period of the third FIFE
Intensive Field Campaign (IFC-3) with a large number of different sets of parameter values. These model
realisations were made with a wide enough range of parameters to represent the variability of fluxes across the
domain. The objective was to predict areally-averaged landscape fluxes over the longer time period whilst
ensuring that cumulative values of these landscape fluxes based on TOPUP predictions were consistent with the
instantaneous pixel estimates obtained from Landsat TM for the single time step. A fuzzy disaggregation
technique is described which uses the spatial distribution of Landsat derived fluxes to condition the parameter
sets for the TO PUP modelling to reflect the (uncertain) flux estimates at the time of the image. shows the spatial
variability of fluxes as estimated from the LANDSAT-TM image. More recently Franks and Beven (ll)
extended the fuzzy disaggregation scheme to multiple Landsat imagery. Such techniques offer the possibility of
achieving measures of variability which may dominate areally-averaged fluxes .

W/m2

c::J
CJ
c.::J

~

ABOVE:

~00

460 · .500

.u o . ... e.o

~::: :::

-

)00· )AO

-

UO · )00
220 · 260
110·22:0

-

1•0 · tao

-

100 · 140

-&HOW

100

Figure 1: Derived instantaneous latent heat flux across the FIFWE domain
(after Franks and Beven (2,11))

COUPLING SV AT MODEL OUTPUT WITH NUMERICAL WEATHER PREDICTION MODELS.
Evaporation maps derived from satellite data may be used to assimilate (initial) soil moisture fields for use in an
operational NWP model. Van Den Hurk et al. (12) used the SEBAL approach to estimate the evaporative
fraction A =A.EI(AE +H) from the spatial patterns in surface temperature and albedo present in METEOSAT and
NOAA-AVHRR imagery for the Iberian peninsula in the first week of July 1994 and used the associated soil
moisture availability fields with the regional climate model RACMO (see 13). Two sequences of RACMO runs
were started from a similar soil moisture field for 1 July, generated by forcing RACMO to calculate evaporative
fractions close to those simulated by SEBAL. In the control sequence no further adjustment of soil moisture was
carried out. In the other experimental run, soil moisture was also adjusted using two later SEBAL estimates.
Figure 2 shows results of temperature and specific humidity bias of the two run sequences. The experimental run
successfully avoids the positive temperature bias shown in the control run and also produces smaller bias in the
specific humidity. These results show that satellite based information on the spatial variability of surfac~
temperature and shortwave reflectance may be used in partitioning the available net radiant energy into latent
and sensible heat fluxes although there is a need to investigate
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Figure 2: Bias (prediction-observation) of 2m temperature (a) and specific humidity (b) for the control
run (dashed lines) and the run with soil moisture updated using the SEBAL evaporation estimates (solid
lines). (after Van Den Hurk et a/.(14}}.

if the above procedure works well for the full range of environmental conditions. This is currently explored
using NOAA/AVHRR data for the whole of Europe and for all of 1995. Early results (14) show that the remote
sensing data contain a signal which is comparable with SYNOPS data when operated at that scale. Suet al. (15)
address the linkage between SEBAL, NOAA/AVHRR imagery and the RACMO NWP model for continental
studies of land surface characteristics and surface fluxes over Europe and Africa.

ASSIMILATION OF REMOTELY SENSED SURFACE TEMPERATURES IN NWP MODELS
Spatial and temporal variability in observed surface temperatures is closely linked to surface evaporation
conditions. The surface energy balance at sites with high surface temperature heating rates in a diurnal cycle can
be assumed to be governed by sensible heat exchange, while low heating rates indicate areas where surface
cooling takes place by evaporation (16). Jones et al. (17) used GOES derived surface temperature changes in
time to update the soil moisture condition in a regional atmospheric model. They adjusted initial soil moisture
availability in the model to a value which forced the model to exhibit a surface heating rate comparable to the
satellite observations. It is shown (18) that the method is able to pick up a soil moisture distribution which is
compatible with a record of antecedent rainfall in the US Great Plains area.
Preliminary results with the heating rate method have recently been obtained at the Royal Netherlands
Meteorological Institute (KNMI). Diurnal surface temperature changes derived from METEOSAT images of an
area in western Europe in various periods in 1995 have been compared to RACMO estimates of the surface
temperature change. Heating rates are computed as (Tmax-Tmin)/(tmax-tmin) where T= temperature and t= time, with
0600 UTC<lmin<1100 UTC and 1200 UTC<tmax<1600 UTC. Figure 3 summarises some early results obtained in
this work. Shown are the differences between RACMO and METEOSAT heating rates for 25 June 1995 for 7
cloud-free SYNOPS stations. The heating rates were calculated for two separate RACMO runs: one with a
relatively dry soil moisture content, and one with a 5% wetter soil. Results of these two runs are interconnected
with lines for each individual SYNOPS station. Plotted is the difference between the RACMO and METEOSAT
heating rates versus the error in relative humidity calculated by RACMO, compared to SYNOPS observations. It
is clear that (a) wetter soil moisture initialisation reduces the error in RH and reduces the surface temperature
diurnal cycle, and (b) the slope of this sensitivity points at a minimum error in RH for heating rates which are
very similar to the heating rate derived from METEOSAT observations. It is thus shown that the information
content in the METEOSAT surface temperature change is compatible to the information in the SYNOPS data.
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Figure 3: Difference between RACMO and METEOSAT surface temperature heating rates for a number
of cloud-free SYNOPS stations on 25 June 1995, plotted against RACMO forecast error in relative
humidity. Shown are results for two runs with RACMO, different with respect to initial soil moisture
content. Results for each SYNOPS station location are connected with lines.

DISCUSSION AND CONCLUSIONS
Estimating landsurfacefluxes and state variables with SVAT schemes for use with NWP models. This paper notes
that remote sensing imagery used with land surface schemes has significant potential in improving the estimation
of land surface fluxes. Despite improvements in prediction of the surface energy balance through the use of
remote sensing data, there remains a lack of appropriate measurements and prediction methods for surface fluxes
and soil moisture over a range of space and time scales. It is also shown that derived variables such as soil
moisture status or evaporative fraction may be used in combination with NWP models to improve the prediction
of near-surface climatic variables. New satellite derived land use products have become available that allow for a
more detailed description of the land surface characteristics, both in temporal and in spatial resolution. These
products are being incorporated in NWP and climate models (e.g. 19).
Landsurface parameterisation. Significant progress has been made in the use of remote sensing for improvement
of land surface parameterisation. Such approaches include a better description of ("static") land surface
characteristics as well as quantification of the uncertainties in SVAT model parameters guided by remotely
sensed variability in time and space. Application of the GLUE uncertainty framework has shown that significant
uncertainty must be associated with predictions with current SV AT models because of a lack of uniquely
identifiable parameter sets and available data.
Assessing spatial variability and obtaining landscape fluxes. In order to derive landscape scale fluxes,
landsurface schemes must be parameterised with area-effective parameter values that can not be specified a
priori. The paper notes that remote sensing plays a crucial role in assessing spatial variability and describes
recent work in which remote sensing is used for conditioning of a spatial SV AT model. This approach is based
on mapping uncertain remote sensing estimates into a minimal model description through a disaggregation
methodology.
Assimilation into NWP models. Turbulent fluxes at the land surface and atmospheric boundary flow are
controlled by factors that cannot be directly monitored from space platforms, in particular the aerodynamic
properties of the land surface. Long term monitoring or estimation of surface fluxes is probably best achieved
when combined with or embedded within a NWP analysis system. The final section of the paper reports on some
recent work on the direct assimilation of satellite derived heating rates in regional atmospheric models.
In conclusion, we can anticipate certain developments to occur in the near future. First, further use of satellite
derived surface characterisation products will be inevitable. It is also clear that climate models (and maybe also
NWP models) will invest in a more dynamic description of the vegetation, either by directly using on-line
satellite information (such as spectral indices and albedo values), or by coupling the GCMs to interactive
vegetation models, allowing for a two-way coupling between vegetation and climate. Second, heating rates from
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geostationary satellite platforms contains useful information on the bulk surface properties of a NWP or climate
model grid box at fairly coarse resolutions. For the present, however, these bulk properties can only be applied in
regions and periods where available radiation and soil moisture control the surface energy balance. Sensitivity to
the parameterisation of aerodynamic characteristics is particularly obvious. Thirdly, in the assimilation schemes
in the NWP-systems, equifinality of sets of model parameters and prognostic variables will be a difficult
problem to handle. Therefore, further research is needed in order to benefit from stochastic uncertainty
approaches such as the GLUE methodology discussed in this paper. Repeated assimilation of remotely sensed
variables, in combination with such a stochastic modelling framework, may lead to achieving the general aim of
representing the function of the land surface through enhanced large-scale remote sensing measurement
techniques that explicitly recognise and incorporate the uncertainty associated with their derivation.
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ASSESSING THE UNCERTAINTY IN THE SIMULATION OF CLIMATE
CHANGE RESULTING FROM THE REPRESENTATION OF
THE LAND SURFACE IN CLIMATE MODELS.
A.J. Pitman
Department of Physical Geography, Macquarie University, Sydney, NSW, 2109, Australia
ABSTRACT
The parameterisation of the land surface in climate models varies from very simple, non-interactive schemes to complex
physiologically based schemes which parameterise the carbon balance and include a feedback of carbon dioxide on
canopy resistance. Specific land surface schemes partition available water between runoff and evaporation and available
energy between sensible and latent heat in very different ways and that the size of these differences are likely to be large
enough to affect the simulated climate. A recent experiment has evaluated the role of land surface processes in
influencing the climate of five climate models for l x C0 2 and 2 x C02 conditions. Results demonstrate the role of the
surface parameterisation on influencing the control simulation of temperature and precipitation, as well as the change in
these quantities resulting from a doubling of C0 2• Results indicate that while land surface processes do contribute to an
explanation of the differences between model simulations of temperature in the l x C02 simulation, they do not
contribute at a statistically significant level to the explanation of the differences in the size of the change due to
increasing C02.
INTRODUCTION
The simulation of greenhouse induced climate change using general circulation climate models (GCMs) is an on-going
research priority. The performance and the science underpinning these models are summarised in the reports by the
Intergovernmental Panel on Climate Change (l). All GCM simulations of greenhouse climate change include
uncertainty and a great deal of effort has been invested in trying to reduce and quantify uncertainty (2). The differences
in the control climates and the differences in the simulation of changes in climate stem from the design of GCMs. One
important area that varies between GCMs is the parameterisation of land surface processes. Many land surface schemes
(LSS) have been developed and evaluated (3) linked to GCMs, and used to simulate greenhouse-induced warming.
When de-coupled from a GCM, LSSs partition available energy and available water very differently between sensible
and latent heat, and between runoff and evaporation (3, 4). We have no reason to expect that these differences are
reduced when coupled to GCMs.
One method for determining the contribution to uncertainty in a climate change prediction resulting from the LSS is to
compare the simulation of global warming in a suite of GCMs each coupled to more than one LSS (e.g. 5). Crossley et
al. (5) found that, in some regions, changing the LSS (focussing on the hydrological components of the models) may
affect a GCM's control climate and yet have a relatively small impact on its response to anthropogenic climate change,
or conversely that, in other regions, a LSS change may have little effect on the model control climatology and yet may
significantly change its sensitivity. They found that, in tropical regions, the uncertainty in evaporation changes
predicted for a 2 x C02 climate were largely determined by the LSS, while at high latitudes other processes within the
GCM dominated the uncertainty. In addition, they noted that the uncertainty induced by land-surface processes was
larger under 2 x C02 conditions than l x C0 2. They also found a peak in the contributions by land surface processes to
uncertainty between 30°S and 10°N and relatively little evidence of sensitivity to surface processes at mid- to
high-latitudes.
In this paper, results from the same experiments discussed by Crossley et al. (5) for the Australian continent are
discussed . The impact of doubled C0 2 on five GCMs, focussing on the simulation of rainfall and air temperature are
assessed to provide insight into the relative level of uncertainty resulting from the parameterisation of land surface
processes, as against the uncertainty resulting from the use of a different GCM, when trying to predict the continental
and regional scale consequences of increasing atmospheric C0 2 over Australia.
METHODS
Five GCM modelling groups (see Table l) performed prescribed sea surface temperature control and time-slice
experiments using one version of their GCM coupled to two different land-surface schemes. The GCMs were run with
the same sea surface temperature and sea ice until the land surface reached equilibrium with the atmosphere. Then, a
minimum ten years simulation was conducted for each experiment. Temperature and sea ice changes for the greenhouse
gas scenarios were taken from a transient climate change experiment (6).
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Table 1

GCM
LMD
Univ. Reacling
Hadley Centre
BMRC
Meteo-France

List of the GCMs and land surface scheme configurations used in this paper.
Version
LMDA
LMDB
URA
URB
HCA
HCB
BMRCA
CNRMA
CNRMB

Land surface scheme
SECHIBA (7)
Bucket (8)
ECMWF LSS with lm rooting depth (9)
ECMWF LSS with 0.5m rooting depth
Standard LSS (10)
MOSES with C02 dependent stomatal resistance (11)
Bucket (8)
Bucket with variable water holding capacity (12)
ISBA (13)
ISBA with reduced stomatal resistance

The choice of land surface scheme, or the choice of what modification to impose on the land surface scheme was varied
(Table 1). The largest change was the replacement of the complex root/soil moisture interaction in SECHIBA (7)
(LMDA) by a simple bucket soil hydrology (8) (LMDB). HCA included Jones et al.'s model (10) except that it included
a multilayer hydrology. HCB incorporated the MOSES scheme (11) which included major improvements in the soil
hydrological properties as well as a C0 2 dependent stomatal resistance parameterisation. In the CNRM model, the
ISBA scheme was used for both the control experiments (CRMA and CNRMB) (13) and the surface conductance was
changed in one 2 x C02 experiment (CNRMB) in order to investigate the effects of increased C02 on plant physiology.
The University of Reading chose to halve the rooting depth in the ECMWF scheme (9) (URB) from the default (URA)
. in order to investigate the role of the moisture stress of vegetation in a changed climate. Finally, the BMRCA
experiment used the standard Manabe bucket model (8) and changed the soil water holding capacity (12) (BMRCB).
Most of the modifications (see Table 1) focus on the interaction between surface hydrology and vegetation which has
been identified as one of the key problems today in land-surface modelling (14). The other major uncertainty covered
by these experiments is the modified functioning of plants with increased atmospheric C0 2 In each experiment the
characterisation of the surface is within the range previously used to perform climate change simulations. Each specific
simulation uses a land surface configuration which is within the uncertainty range such that it is not possible to state
that some of the model configurations are better, or worse, that any other.
RESULTS
Three aspects of change are discussed in this paper: the differences in each of the 1 x C02 and 2 x C02 simulations
resulting from the change in LSS; the change due to a doubling of C02 using LSS A; and the change due to a doubling
of C02 using LSS B. The aim is to identify the relative contribution to uncertainty resulting from LSS differences as
compared to using difference GCMs, as well as to identify the level of agreement between the various model
configurations on the simulated 1 x C0 2 and 2 x C0 2 climates.
LONG TERM AVERAGED PRECIPITATION
Over Australia, Figure 2a shows that the various GCMs simulate a wide range of total prec1p1tatl0n in these
experiments. In the 1 x C02 simulations, there is a range from 0.7 mm d'1 (URA) to 1.8 mm d' 1 (CNRM, LMDA and
LMDB). The BMRC and HCB models simulate total precipitation which is close to the two observed estimates (about
1.5 mm d'1). While the two simulations conducted for each 1 x C0 2 experiment by each GCM are similar to each other,
changing the LSS in a GCM can lead to as large an impact on continental scale precipitation as doubling of C02 • For
example, the change in total precipitation resulting from BMRCA~xco2 ~ BMRCB 1,c02 is similar in size to the change
BMRCA~xc02 ~ BMRCA2,c02 . A similar result is found for UR and HC. It is only with the LMD model that the change
due to C02 is clearly larger than the change due to the LSS. In the BMRC simulations, the change from fixed to varying
water holding capacity leads to a change of similar size to the doubling of C02.
While there are large differences in the I x C~ precipitation simulated by the GCMs, all except CNRMA simulate
lower rainfall in the 2 x C02 simulations over the Australian continent irrespective of the LSS used (Figure 2b). Six of
the nine simulations predict a -20% reduction in precipitation with doubled C02 but the size of the change is dependent
on both the GCM and the LSS. The large percentage change simulated by URB is the result of a poor control simulation
indicating that the use of percentage change in impact studies is dependent on the quality of the control simulation.
Given the considerable differences in the control simulations, this suggests that impacts work should avoid the use of
percentage change where possible. While the sign of the precipitation change is generally consistent between the
models, the magnitude of the reduction is dependent on the LSS included in UR and HC.
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and • is for 2 x C0 2• The same LSS is used in each pair of experiment and control simulations. The two
observed estimates come from (15) and (16).

Over S.E. Australia, the control simulation of precipitation by BMRC and HC are close to the observed, while UR is too
dry and CNRM and LMD too wet (Figure 2c). In general, the regional change in simulated precipitation resulting from
a change in the LSS is small compared to the change resulting from doubling C0 2• All the GCMs except CNRMA
simulate less precipitation over SE Australia (Figure 2d) but the size of this change is dependent on both the LSS and
the GCM used. The modification to the surface resistance in CNRM changes the sign of the precipitation change. The
percentage reduction in precipitation is again variable.

LONG TERM AVERAGED AIR TEMPERATURE
There are difficulties in comparing air temperature between GCMs since the air temperature at screen height has to be
derived in a GCM from the prognostic temperature simulated at the lowest model layer. There is no agreed way to
derive this temperature ( 17) hence comparisons with observed temperature needs to be interpreted cautiously. However,
GCMs should largely agree on the change of air temperature and if the simulation of air temperature is robust, then we
would not expect to see large sensitivity resulting from the use of different land surface schemes.
Over the whole of Australia, there is a range between the GCMs in the 1 x C0 2 situation of over 5K and all models are
too cold compared to the observed (Figure 3a). The size of this range is about double the change resulting from
increasing C0 2 . There is some sensitivity shown by individual GCMs to the LSS in the I x C0 2 simulation (e.g. LMD).
However, compared to the change in air temperature simulated by the models due to a doubling of C0 2, the range in the
1 x C02 resulting from LSS is small. The models all warm as a result of the increase in C0 2, and while their control
climates differ, all models (except BMRCB) warm by between 2.25K and 3.25K. The amount of warming is sensitive to
both GCM and LSS with URB warming by more than 0.5K more than URA and HCB warming by almost 0.5K more
than HCA (Figure 3b). However, the amount of warming simulated by each GCM due to a doubling of C02 is always
much larger than the change in warming due to using a different LSS (i.e. the warming caused by LMDA1xco2 ---7
LMDA 2xco 2 >> LMDA 1xco 2 ---7 LMDB 1xc 02 ). While this is not a surprise, it indicates that a clear signal, above noise
induced by the LSS, is visible which was not the case in the precipitation results (Section 3.1) which agrees with the
analysis by Crossley eta!. (5).
Within the S.E. Australia region, the control simulations of all the models are too cold by at least 3K with a range of
about 5K in the control simulations for 1 x C0 2 (Figure 3c). There is negligible sensitivity shown by the GCMs to LSS
(except LMD) and the change due to doubling of C0 2 leads to a far larger sensitivity. All models predict warming in
this region of between 2-3K, but with a sensiti vity of up to IK due to the LSS included (Figure 3d). So, while the 1 x
C02 simulation is largely insensitive to the choice of LSS, the change in temperature can be sensitive to this choice.
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As for Figure 2 but for air temperature (K). The observed estimate comes from (16).

DISCUSSION AND CONCLUSIONS
This paper highlighted the relative contribution to the overall uncertainty in C02-induced climate change resulting from
the LSS, as compared to the GCM. For the annual average, in several cases the difference between the two 1 x C0 2
simulations resulting from the LSS used were as large as the difference between a 1 x C0 2 and 2 x C0 2 simulation. For
example, over Australia, the precipitation change from HCA 1xco 2 6 HCB 1xco 2 was larger than the change from
HCA 1xco 2 6 HCA 2xc 02 . There are many cases there the change due to LSS was the same magnitude as the change due to
C0 2 . At present there is no consensus on how to model the land surface and each of the LSS configurations used in this
paper would find an advocate within the community. An environment where a GCM simulates as much change in
precipitation over Australia due to changing the LSS as doubling C02 does not lead to great confidence in the reliability
of continental scale estimates of the impacts of global warming and would suggest little confidence in the regional scale
estimates of impacts. This result also provides evidence that the land surface actually matters in the simulation of these
quantities in a climate model.
While the changes in precipitation remain uncertain, the changes in temperature showed more consensus. All models
predicted considerable warming, and with a few exceptions, the amount of warming was dependent on the GCM not on
the LSS. The temperature changes simulated by BMRC, UR and HC did appear to be sensitive to the LSS but
identifying the specific components in the HC LSS which causes this sensitivity is difficult. The change from HCA to
HCB includes the addition of a interactive and C02 dependent canopy conductance which would tend to reduce
evaporation. However, at the same time, the rooting depths are increased from 0.5-l.Sm in HCA to l.0-3.0m in HCB
which will tend to allow greater storage of water and therefore higher evaporation over a year. These two factors
interact and prevent any clear signal evolving in the temperature change.
It is noteworthy that the URB simulations in 1 x C0 2 simulations are always colder than the URA, while the converse is
true in the 2 x C02 simulation. This leads to the impact that URB always simulates more warming than URA. The
change in the LSS was a halving of the root zone depth in URB simulations. The thinner depth in the 1 x C02
simulation appears to permit higher evaporation in URB and lower temperatures. Under 2 x C0 2, the lower precipitation
acts to suppress evaporative cooling. LMD and BMRC also show a similar phenomena with the simple hydrology used
in LMDB permitting higher evaporation in 1 x C02 and cooling the surface, while in the drier 2 x C0 2 environment, the
simple hydrology leads to drying and a larger increase in temperature than LMDA and BMRCB. This might suggest
that the simpler the LSS used, and the lower the water holding capacity, the larger the sensitivity to a change in C0 2 .
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In summary, these results demonstrate for Australia and for S.E. Australia that a good representation of land surface
processes is essential to simulate the present day climate, but the differences in climate simulated by five GCMs due to
global warming were dominated by the GCM rather than the LSS. These results contrast with those of Crossley et al.
(5) who found that land surface processes were important in some regions in explaining the differences between the
GCM's simulation of C02 induced change in precipitation. We suspect that our different result originates from the
highly variable nature of the Australian climate.
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ABSTRACT
In order to detect the variation of the UV-B radiation that reaches the surface, the Japan Meteorological Agency
started the observation using Brewer Spectrophotometers on 1990 in Tsukuba, and on 1991 in Sapporo,
Kagoshima and Naha. After that, Kanazawa Institute of Technology started the monitoring on March l , 1997, in
Kanazawa .
The Damaging Ultra Violet (DUV) data, one of the biologically weighted ultraviolet radiation recorded at each
monitoring site, vary with locality and climate. The purpose of this study is to look into characteristics ofDUV and
to analyze the mutual relationship between cloud amount data and DUV data, moreover to obtain basic data on the
DUV forecast with weather conditions in each area.
Through analysis of observed spectral ultraviolet irradiances and global solar radiation values at Sapporo,
Kanazawa, Tsukuba, Kagoshima and Naha, the following was found: (1) A tendency of increase and decrease of
daily accumulated DUV during the years 1990-1996. (2) Seasonal change of daily accumulation of DUV. (3) The
ratio of DUV to global solar radiation based on daily totals. (4) The correlation between DUV and global solar
radiation. (5) The correspondence between DUV and cloud amount. (6) The relationship between DUV and
weather conditions.

INTRODUCTION
Ozone depletion in the stratosphere is now recognized as a major environmental problem because it results in a
significant increase in solar ultraviolet radiation reaching the surface of the Earth. In order to take preventive
measures against UV exposures, it becomes important to know the relationship between weather conditions and
DUV. As a basic stage, it is necessary to analyze the DUV values on cloud amounts.
This paper discusses the nature ofDUV, relationship between DUV and cloud amount, and certain ranges ofDUV
corresponding with weather classes.

METHODS
Spectral UV -B irradiance using Brewer Spectrophotometer is measured by return scanning of photon counting at
every 0.5 nm wavelength between 290 and 325 nm. The action spectra ofDUV are defined as follows by ACGIH.
AS(L)=l-0.36{ (L-270)/20} t.64

(at 290~~300 nm)

AS(L)=0.3 •o.73s6<L-JOO>+ 1o<M.ot 6 JL>

(at 300<L~325 nm)

The observed data ofDUV, global solar radiation, cloud amount and weather condition are recorded in CD-ROMs
and supplied by Japan Meteorological Business Support Center. Our available data covers 1990-1996. Table 1
shows locations of the stations for spectral UV-B observations and the start dates. The monitoring data are
recorded at intervals of 1 hour. Only at Kanazawa, the time interval is 30 minutes.
RESULTS
Figure l shows daily accumulations ofDUV evaluated from the spectral observations for 1990-1996. Variations of
daily accumulated DUV is caused by seasonal factors and day-by-day weather conditions. In table 2, the yearly
mean of daily accumulated DUV is compared among the stations. 0.614kj/m2 day at Naha in 1993 was the highest
value and 0.240kj/m2day at Sapporo in 1996 was the lowest value. The average through 6 years at Naha is nearly 2
times higher than that at Sapporo. The differences of the yearly means from the averages through years are abou!
I 5 %. Figure 2 shows the monthly means of daily accumulated DUV. The highest values appear in July at Sapporo
and Naha, and in August at Tsukuba and Kagoshima. While the summer solstice is in near the end of June, this
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results are seemed to be affected by Japanese rainy season "Tsu-yu" in June and July, excepting Sapporo and Naha.
The lowest values appear in December at Sapporo, Tsukuba and Kagoshlma, and in January in Naha. In general,
the lower the latitude is, the larger the value is. Figure 3 shows the percentage of the monthly mean of daily
accumulated DUV to yearly mean. At Sapporo in high latitudes, the difference of the values between in summer
and in winter is prominent. Figure 4 shows the frequency distribution ofdaily accumulations ofDUV through year.
It is outstanding that the lower the latitude is, the higher the rank of the value is. The basic exposure limit to UV
incident on the skin or eye of ACGIH is 30 J/m2• There are few days under the DUV limit at Tsukuba, Kagoshima
and Naha.
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Figure 1: Seasonal course of daily accumulations ofDUV at.observation stations in Japan.

Tablel: Yearly mean of daily accumulated DUV.
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Figure 2: Monthly mean of daily accumulated DUV.

Figure 3: Percentage of the monthly mean of daily
accumulated DUV to yearly mean.

Figure 4: Frequency distribution of daily accumulations of DUV through year.

Figure 7 shows scatter plots of daily accumulations of DUV and global solar radiation at Tsukuba in 1996. A
definite correlation is obtained using a regression equation of the first degree. The correlation coefficient is 0.82.
Table 3 shows correlation relationship in each station based on observed data through several years. The range of
correlation coefficient is from 0.80 at Tsukuba to 0.91 at Naha. Table 4 shows analyzed results in each season. By
classifying the data according to season, the correlation coefficient becomes higher than that of the full year.
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Figure 5: Daily accumulations of DUV and global
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Figure 7: Correlation between global solar radiation and DUV of daily accumulated values at
Tsukuba in 1996.

Table 3: Correlation relationship between global solar radiation and DUV.
Sapporo
Kanazawa
Tsukuba
Kagoshima
Naha

Correlation equation
ly=0.027x-0.069
ly=0.022x-0.034
ly=0.029x-0.052
ly=0.039x-0.078
ly=0.048x-O.l 03

Correlation coefficient (r)
0.84
0.84
0.80
0.84
0.91

(In 1991-1996, excepting Tsukuba in 1990-1996 and Kanazawa in 1998)

Table 4: Correlation relationship between global solar radiation and DUV in each season.
Dec., Jan., Feb.
Correlation
equation
Saoooro lv=0.008x-0.006
Kanazawa ly--O.oilx+0.007
Tsukuba ty=0.009x+0.020
Kagoshim ty=0.030x-0.005
Naha
ty=0.024x+0.042

Mar.. Apr., May.
Correlation
r
equation
0.88 lv=O.O l8x-0.013
10.91 IY=0.022x+O.O 17
10.67 tv=0.020x+0.053
0.90 ty=0.028x+0.054
10.90 IY=0.038x+0.026

Jun., Jul., AuJ?.
Correlation
r
equation
lo.83 lv=0.025x+0.099
10.87 IY=0.030x+0.097
10.83 lv=O.Q3lx+0.670
10.91 tv=0.044x+0.053
10.91 iY=0.045x+0.093

Sep., Oct., Nov.
Correlation
r
equation
10.90 lv=0.023x-0.044
0.91 lv=0.024x-0.059
0.92 lv=0.026x-O.O 16
lo.90 lv=0.036x-0.055
10.92 IY=0.044x-0.070

r
10.88
10.84
10.84
10.87
k>.91

(In 1996, excepting Kanazawa in 1998)

Figure 8 shows scatter plot of the mean value of daytime cloud amount and the daily accumulation of DUV at
Tsukuba and Naha in 1995-1996. Used data for calculating the mean value of cloud amount are at 9:00, 12:00 and
15:00. The correlation is represented using a regression equation of the second degree, correlation coefficient is
0.71 in July at Tsukuba. However, the difference of the plotted data of daily accumulated DUV is not clear in the
range of cloud amount for 0-5. And the fluctuation at cloud amount I 0 is seemed to be due to the weather change in
daytime. Especially in October, correlation relationship tend to become distant. It suggests that analyses must to be
done including data of cloud kind and altitude. In figure 9, average cloud amount is sorted according to weather
conditions. The weather is classified using average cloud amount as follows: "clear" is under 1.4, "fair" is above
1.5 and under 8.4, "cloudy" is above 8.5. There is very little difference in the DUV data between "clear" and "fair".
The difference of the DUV data between "fair" and "cloudy" is obvious in July.
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DISCUSSION
This paper is summarized as follows:
(1) The daily accumulated DUV observed in Japan were presented as the data of year fluctuation, seasonal change

and frequency distribution through a year.
(2) The correlation between daily accumulated DUV and global solar radiation was adequately represented using a
linear equation, especially in classifying the data according to season.
(3) The correlation relationship between daily accumulated DUV and average cloud amount in daytime was
analyzed using a regression equation of the second degree. However, there are not enough data yet to show a
definite correlation. The authors have a plan to estimate DUV with cloud condition data concerned, namely
cloud kind and altitude.
(4) An analysis of the correspondence between daily accumulated DUV and weather classification was tried. In a
sense, the limitation of using daily accumulated values or average values becomes clear.
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ENSO: IMPACTS, CAUSES, URBANIZATION AND GLOBAL TEMPERATURE
A. Auliciems

Geographical Sciences and Planning, The University of Queensland, Brisbane 4067, Australia

ABSTRACT
Patterns of weather anomalies resulting from ENSO (El Nino-Southern Oscillation) events are reviewed with
reference to impacts and human adaptations, and probabilities of occurrence and prediction. Recent evidence of
close associations between ENSO and cyclical solar activity is noted, as is that between solar flare modulation of
high intensity cosmic rays, and thus cloud variability. A hypothesis is proposed linking global temperature trends
to urbanization and these solar phenomena.

ENSO TELECONNECTIONS, HAZARDS AND ADAPTATION
Climatically 1997 - 99 has been a most notable period. For a year following rrnd 97, the world's weather was
dominated by unusually warm Pacific ocean temperatures, which yielded to the effects of remarkably cool ones
during the following twelve months. This period appears to be the most pronounced back-to-hack El Nino and
La Nina sequence within the past century.
The El Nino seemingly brought unprecedented snow and ice storms to southwest US, Canada and even
Guadalajara in Mexico. It brought a sunny and warm Christmas to New York, but devastating floods to Ecuador
and Peru, droughts to Australia and New Guinea. The switch to La Nina was marked by unusual numbers and
strengths in the formation of tropical storms in both the Atlantic and the Pacific. There was a return to wet
conditions over Australasia, Indonesia and southern Africa, but a drying of large areas of South America and
eastern Africa.
In general, anomalies in rainfall and
temperatures are especially notable
during the austral summer (Fig. 1).
Apart from notable exceptions, El
Nino leads to significantly reduced
rainfall throughout southeast Asia,
southern Africa and the Amazon, but
increased rainfall in equatorial
Pacific Nino areas, the Rift ValleyLake Victoria area in Africa, and the
subtropical Americas. Warmer than
usual conditions are experienced in
south Asia, the area of the Sea of
Japan, eastern South America and in
rrud-latitude North America. During
La Nina, there is a near rrnrror image
reversal
both m rainfall and
temperature anomalies.
Given their relatively high frequency
and the severity of resulting hazards,
ENSO
events
have
generated
considerable media and public
interest. All too often, however, their
descriptions and explanations have
become
overstated
and
oversimplified. There has been a
tendency to attribute El Nino
causality to events that may have
resulted from other and not necessarily related atmospheric processes, including simple seasonal weather
variability, eg. the 1998 Midwest USA drought. While El Nino and his "pesky" sister La Nina are newsworthy
superstars (2), malevolence is in the eye of the beholder that can be related to location, level of human
adjustment and precursor climate condition. To the 1997/98 El Nino fire ravaged subsistence farmer in

Fig.l Observed ENSO Anomalies during December-February
A= El Niiio, B= La Niiia episodes (based on 1)
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Kalimantan, and flood devastated villager in Ecuador, the coming of the 1998/99 pesky sister was the answer to
many a prayer.
According to NOAA (3), during the past half century, "strong" SST anomalies and pronounced teleconnections
have occurred in twelve annual quarters for El Nino and about a half as many quarters for La Nina. In effect, the
return periods of strong episodes have been equivalent to 16 and 32 annual quarters, or if evenly distributed, at
least during one quarter every 4 and 8 years respectively. As at this present time, La Nina may be a back-to-back
sequence with a preceding El Nino, but it is not clear if the two are necessarily related. While generally
following typical sequences of sea surface temperature (SST) anomalies, there is no clear common pattern of
their east-west relocation or dissipation within individual episodes.
ENSO conditions constitute the extremes within the climatic spectra of many locations. It is during these times
that the hydrometeorological and thermal environments are at their most severe, and it is usually the extreme
events, or the "climate surprises" (4), that cause most damage to health and property. It would seem that,
amongst those populations living and interacting with the ENSO climate, there will be winners and losers
depending upon their preparedness to adjust, their avoidance, mitigation and economic responses : minimum
damage will be inflicted on those best adapted. Negative effects can be forestalled by hazard anticipation and
prior assessment, that comes from both knowledge of the phenomenon and its potential impacts, and from
advanced warning of approaching events.
The utility value of predictions will depend upon a) the comprehensibility and reliability of forecasts, b) the
severity of the hazards that can be attributed to specific ENSO states, and c) the most cost effective adaptation
strategy in the given situation. Surprise will depend upon past experiences, perceptions and attitudes, and impact
becomes very much a matter of technology, culture, wealth and education. As a first step, if ENSO events are
predictable, for locations affected there needs to be a redefinition of the atmospheric environment, not as a single
climate, but as several distinct climates with differentiated measures of central tendency, skewness and
deviation. It is these differential statistics to which the anticipated ENSO hazard should be compared.
ENSO PROBABILITIES AND PREDICTION
As with all forecasts, the reliability of prediction and the amount of available lead time, public awareness and
understanding, are likely to be the critical determinants to meaningful responses to the hazard. At least three
stages and probabilities are involved: a) identification and forecasting of underlying causal physical processes
that control and initiate the ocean phenomena, b) modelling, forecasting and monitoring of the sequencing of
ocean temperature_anomaly developments, and resulting atmospheric teleconnections and their strength, and c)
estimation of the hazard: hydrometeorological and thermal
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Despite the vast amount of research devoted to coupled
ocean-atmosphere studies during the past decade, an earthbound explanation of the cause of ENSO events has been
elusive. Very recently, however, there have emerged
reports that reaffirm the probability that El Nino and La
Nina may directly result from solar and cosmic events. The
most significant finding is that of Svensmark and FriisChristiansen (5) and Svensmark (6) who identified the role
of increased solar flares in suppressing frequency of high
energy global cosmic rays (GCR), and thus a reduction in
cloud formation (Fig 2). In tum, this breakthrough has
enabled Landscheidt (7 ,8) to link phases within solar cycle
activity with the occurrence of El Nino and La Nina, or at
least with the SOl surrogate measure.

Landscheidt (7,8) determined a very close lag correlation
between smoothed curves of an index of geomagnetic
Fig. 2 The Svensmark Effect The trends: cloud
activity and SOl, and noted that the correlation was at its
data: Nimbus 7, ISCCP DMSP; -; high energy
strongest near ENSO events, with maximum coefficients
cosmic rays ; 10.7 em sokzr flux-- (from 6)
approaching unity at a lag of 4 months. During the past
three decades, SOl peaks and the extreme values of solar
flare activity, resulting from an aggregation of solarterrestrial cycles of the sun's spin momentum and orbital angular momentum, coincide with the 0.382 minor
sections (SOl peaks at arrowheads in Fig. 3) of the half Hale, or each sunspot cycle (see detailed explanation in
Landscheidt 7 ,8).
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Given that the prediction of solar activity appears to be well established (e.g. 9; 10), and accepting the solar trend
reversal functions as discussed by Landscheidt, for the purposes of the this argument we may reasonably accept
his estimate of 85%-95% probability of La Nina and neutral conditions prevailing until the end of austral
summer of2000, and the next El Nino arriving in mid 2002 (Landscheidt (8,11).
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Fig. 3. Solar activity and Southern
Oscillation The Svensmark effect is
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particularly noticeable following the
"Big Finger Cycle" (BFS) solar phase
reversal in 1968. The oscillation trace is
inverse of SOl with peaks indicating
El Nino and troughs La Niiia. In the
phase prior the critical BFS solar cycle
switch, the relationship also appears to
flip: La Nina then coincided with the
0.382 function (extracted from 8).
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Satellite monitoring of SST anomalies nowadays is well advanced, and hopefully the Svensmark and
Landscheidt GCR/solar functions will promote increased interaction of atmospheric scientists with solar
radiation physicists, and a heightened vigilance by ENSO watchers at particular times. Satellite monitoring of the
progress of warm and cold anomaly developments, backed by detection of oceanic oscillations such as the "slow
ocean wobble" of the Inter-decadal Pacific and, combined with estimates using SST anomaly autocorrelation
procedures plus coupled ocean-atmosphere GCM's, should then be able to well predict the patterns of SST
anomaly developments several months in advance and, depending upon their intensity, the resulting
teleconnections. While the austral autumn - early winter developments of these ENSO processes are likely to
remain difficult to predict, those between July and February should enable monthly and seasonal regional ENSO
hazard forecasting at reliability probabilities of 70%-90%.
Beyond the synoptic scale, prediction of local hydrometeorological and thermal variability will need to continue
to rely upon site specific historical statistical distributions. The reliability of such predictions is likely to be
related to the strength of the ENSO teleconnection: for well recognised ENSO affected places (as in Fig. 1), the
monthly parameter probabilities for gross measures such as "below"or "above" median rain may range 60-80%
(as for example in parts of eastern Australia for SOl exceeding +/-1. Thus, at the monthly or seasonal horizon,
the forecast strong ENSO hazard can only be described as a probability, calculable from these composite
predictions as the products of the Landscheidt 0.382 X process X parameter probabilities. With those outlined
above, these will vary between some 30% (0.85x0.7x0.6 =0.36) and 70% (0.95x0.9x0.8 =0.68).
What is the utility value of such possibly modest probability forecasts? There is no simple theory that can be
used to make the leap from probability prediction of direct and derived hazards (for example tropical cyclone
crossing a particular coastline, its associated rainfall and growth of mosquito numbers) to impacts (say increased
incidence of malaria or dengue fever), especially when the second and higher order levels of human adaptation
are brought to bear (eg increased mosquito spraying, organized removal of debris and prior institution of
quarantines and community medical health procedures). Thus, even if warm and cold episodes and their
teleconnections and hazards become well predictable, their disbenefit or otherwise still needs to be established
for individual locations and populations. This for biometeorologists becomes a worthy area for research.
ENSO, URBANIZATION AND GLOBAL WARMING
The period since the mid-seventies has been characterized by persistent positive values (i.e. prevailing El Nino)
in the Multivariate ENSO Index (MEl), while the preceeding three decades saw a predominance of negatives (i.e
La Nina). It would be reasonable to argue that such systematic variation in warm and cold events must be
associated with global temperature trends, but especially given the Svensmark and Landscheidt effects, the
sometime assumed dependence of ENSO upon temperature changes per se becomes less obvious. Indeed, those
407

findings appear to question the very basis of the popular IPCC paradigm of anthropogenic radiative gas
causation of observable global warming: as shown in Fig. 4, the decreases especially in high energy particles
correspond to surface temperature trends in the Northern Hemisphere. Svensmark (6) himself observes that OCR
variability & cloud forcing " . . . has the potential of explaining nearly all the temperature changes .. ".
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As portrayed in Fig. 5, apart from surface temperature measurements, spatial temperature trends are available by
comparisons of satellite observations of surface + tropospheric temperatures using microwave sounding units or
MSU (12). Contrary to the patterns of expected global warming generated by most GCM experiments, we might
well observe that in general, the significant increases in warmth over the past two decades are not predominantly
those within the cold polar regions, but rather those within proximity of the urbanized world - especially the
densly settled parts of the mid-latitudes in Europe, eastern Asia, North America, and even subtropical eastern
South America and Australia. These MSU trend observations tend to support claims that surface measured
temperatures are biased towards locations and growth of human settlements.
There is some is some displacement of
the warming away from population
centres (northwards in Alaska, Yukon
and the Northwest Territories of
Canada A in Fig. 5, and eastwards
across the Sea of Japan B), and an
overemphasis on the Rio de Janeiro
coastal area (C) . These shifts can be
seen to closely follow the temperature
anomaly patterns as observable with EI
Nino in Fig 1. The displacement within
the South Pacific Convergence Zone
(E) is in one of the few areas of the
world actually warmed during La Nina.
of
surface
Here
observations
temperature increases are largely the
of
mmtmum
temperature
result
reductions, and thus here the cool
episodes
may
have
given
disproportionate temperature increase
weighting
overall.
Thus
the
temperature trend patterns in Fig. 5
can be seen to follow urban population
distributions, but with modifications
by ENSO generated anomalies.

Fig 5 Tropospheric MSU Temperature Trends 1979-98
warming areas- cooling areas--- (adapted from 12)
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In summary, given the observations of Svensmark (Fig 2 & 4) and Landscheidt (Fig 3), and the temperature
anomaly distributions (Figs 1 and 5), it may be suggested that recent recordings of increases in tropospheric
warmth are likely to be the products of a) increased urbanization, b) cyclical solar activity and ENSO and c)
their modification of urban metabolism and morphology. At the global scale, the hypothesised cause-effect
pathways are illustrated in Fig. 6 for El Nino episodes. Presumably during La Nina the signs in the urban
metabolism and trombe wall linkages become reversed.

CONCLUSION
At least a half of the world's human population at least is directly affected by ENSO variability. An association
between solar activity and the onset of ENSO episodes has been established, and events are predictable and
significant both to the understanding of natural climate phenomena and to human well being. Two areas in
particular need attention: a) there needs to be redefinition of normality and variability for affected places, and
research on their differential impacts and human adaptations are essential, and b) there appears to be good reason
to investigate linkages of solar-atmospheric processes to ENSO, to urbanization and global temperature trends.
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Fig. 6 Hypothetical Relationships Between Solar Activity/Cosmic Rays/Cloud Variability, El Niiio,
Urbanization and Tropospheric Temperature.

During the past two decades, there has been increased incoming solar radiation and warm episode frequency.
This would have enhanced the solar "trombe wall" effect (13), but keeping urban growth constant, a relative
reduction of active energy consumption (urban metabolism) during winter. The effect on both global
temperature and the urban heat island (UHI) would have been similar. During the prevailing cool episodes of the
previous decades, the signs within the linkages, would have been reversed. Presumably the relationship holds
during individual ENSO episodes.
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DESCRIBING PLANT WATER STRESS IN INTERACTIVE
VEGETATION SVAT MODELS
J.-C. Calvet
Meteo-France/CNRM, 31057 Toulouse Cedex 1, France

ABSTRACT
The current trend in climate change modeling is to describe in more detail the interaction between the plant
environment and the physiological control of transpiration, photosynthesis, and biomass production. Such a
refined representation of atmosphere-biosphere feedback is possible by including a new generation of soilvegetation-atmosphere-transfer (SVAT) schemes into climate models. In interactive vegetation SVAT models,
the physiological link between transpiration and photosynthesis is accounted for through stomatal conductance.
In turn, the computed photosynthesis may be employed to estimate the biomass production and the plant leaf area
index. To complete the soil-plant-atmosphere feedback, the effect of soil dryness on transpiration must be
accounted for in a more detailed way. In the ISBA-Ags model, stomatal conductance is derived from
photosynthesis. A stress function depending on soil moisture is applied to the parameters of the photosynthesis
model, thus modulating photosynthesis and stomatal conductance. The shape of this stress function is
investigated based on published physiological studies and micrometeorological databases. It is shown that soil
dryness affects the parameters representing mesophyll conductance and the sensitivity to air humidity. Since the
interaction between the atmospheric and soil water stresses is generally not accounted for in SV AT models, new
ways to quantify water stress must be found. A possible method is presented and discussed.

INTRODUCTION
In current operational SVAT models, a Jarvis-type parameterization is often used to compute the leaf stomatal
conductance g. (1). It is assumed that various environment factors act independently on g•. In reality,
measurements suggest that strong interactions may occur {2, 3). Additionally, the value of the prescribed Leaf
Area Index (I.Al) is often a crude estimate, which does not account for rapid changes in the vegetation cover
associated with climatic events (droughts in particular). Another limitation of such parameterizations is the lack
of feedback with the atmospheric concentration of C0 2, especially in climate studies. In interactive vegetation
SVAT models, the 'classical' part of the SVAT performs the atmospheric interface calculations, while semiempirical physiological modules of the leaf net assimilation of C0 2 (An) handle both physiological responses to
external parameters and nonlinear interactions between the various factors. For example, g. may be calculated
according to Am consistent with observations showing the strong correlation between water use and COz
assimilation. The net assimilation computed by a coupled physiology-SVAT model such as ISBA-Ags (4) can be
used to estimate I.Al according to the prescribed climate and C0 2 concentration and, hence, to explore biosphere
feedback mechanisms in response to changes in rainfall patterns, temperature, and soil water storage. Since, in
most cases, the hydrology of the root-zone and the surface fluxes are controlled by vegetation, modeling the rate
of soil water extraction by the plant roots and the stomatal feedback is important for either atmospheric,
hydrologic, and environmental studies. In ISBA-Ags, the plant response to soil water stress is driven by a
normalized soil moisture factor applied to the mesophyll conductance gm, assuming that the maximum leaf-to-air
saturation deficit Dmax has a constant value of 45 g kg" 1 (2, 5). The stress function is the extractable soil water
content defined as (J = (w- w,.il, )/(wfc - w,.u,), where w is the soil volumetric moisture in the root-zone, and
w1c and wwi1, are the root-zone moisture content at field capacity and wilting point, respectively (4). These

assumptions are rather straightforward, and may be adequate to represent large scale phenomena. However, more
thorough parameterizations may be useful for mesoscale meteorological or hydrological applications, in which
coherent landscape units may be identified. The objective of this study is to check the validity of these
assumptions using experimental data.

METHODS
A literature survey of existing leaf-air exchange measurements was conducted and very complete micrometeorological datasets were used in order to investigate the variation range of gm and Dfii(J}C in stressed and
unstressed conditions, over C 3 or C4 plants, woody or herbaceous. In unstressed conditions, a total of 63 case
studies could be gathered, corresponding to different plant species or growing conditions: 33 herbaceous C3
plants, 19 woody C3 plants, and 11 C4 plants. These studies were extracted from 28 published articles ((2, 4), and
references given in (5)), and concern 52 different species, most of which are cultivated ones. Five studies were
employed to characterize the effect of soil water stress on gm and Dfii(J}C: 1) 3 gas exchange studies at leaf scale,
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over sunflower, cowpea, and hazel tree, 2) 2 micrometeorological field experiments, at the canopy scale,
comprising flux and surface temperature measurements, over a soybean crop (4, 6}, and over the fallow site of the
3-year MUREX experiment (7).

In the physiological module of ISBA-Ags, the parameters governing both the magnitude of g. and its sensitivity
to leaf-to-air saturation deficit Ds are Km and Dmaz. Also, the cuticular conductance g,, allowing diffusion of water
vapor and C02 through leaf cuticle, is accounted for. In this study, the following average values of Kc were
employed: 0.25 mm s" 1 for herbaceous C3 plants, 0.17 mm s·• for woody plants (other than conifers), 0.15 mm s·'
for C4 plants, and 0.05 mm s"1 for conifers. They were derived from the review study of Kerstiens (8). The values
of Km and Dmaz were obtained using an optimization technique (iterative quasi-Newton algorithm) consisting in
minimizing the nns error between the simulated and the measured Ks. for different values of D•. The same method
was applied to the micrometeorological datasets, after computing estimates of g. and D. at the canopy level from
observations of LA/, flux, air humidity and temperature, and surface temperature. The micrometeorological
measurements comprise meteorological variables (air temperature T0 , and specific humidity q0 ) at screen level,
together with emissivity-corrected infrared temperature T,, and water vapor and heat fluxes, E and H,

={qsat (I:)- qa}- c P{ Ej H}{I: - T,},
and the equivalent stomatal conductance at the canopy scale is gs = Ej {P aLA! D.}, where cP = 1.005 103 J
respectively. The effective saturation deficit of the canopy is

kg"1 K

1
,

D.

and q101 and Pa are specific humidity at saturation and air density, respectively.

RESULTS
Fig. 1 presents plots of the natural logarithm of Km and Dmaz in unstressed conditions. Fig. 1 shows that both Km
and Dmaz are extremely variable from one species to another. In general, C4 plants present the highest values of
Km• and woody plants, the lowest values, while C3 herbaceous plants occupy an intermediate position. While the
pooled 63 studies do not present a particular correlation between ln{gm) and ln(Dma.r). linear relationships are
observed after separating C3 from C4 plants, and herbaceous from woody plants. The logarithmic equation
ln(g.. ) =a- b In(D,...) is statistically significant for C4 plants and C3 herbaceous species only, with values of a
of 5.323 and 2.381, respectively, and values of b of0.8929 and 0.6103, respectively. In order to investigate the
soil water stress effect, the values of Km and Dmaz were derived for 6 studies (either physiological or
micrometeorological) concerning C3 -plants and comprising drought episodes, by using the same method as for
the unstressed plants. Fig. 2 present the corresponding drought-driven trajectories in the Km-Dmaz space according
to the extractable soil moisture or to the soil water potential. The stress responses are noticeably different among
the studied plant species. However, two prevailing behaviors are observed: 1) Sunflower, hazel tree, and the
MUREX fallow (Fig. 2) undergo a decrease of Km and an increase of Dm4X in the first stage of soil water
depletion; then Dm4X decreases rapidly at virtually constant values of Km (except for sunflower, the Km of which
ends up decreasing when the soil becomes very dry); 2) Conversely, the cowpea and soybean crops (Fig. 2)
present an increase of Km and a decrease of Dmax for moderate soil desiccation, and a rapid decrease of Km at
constant values of Dmax for more pronounced soil dryness.
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DISCUSSION
The negative correlation found between ln(gm) and ln(Dma.r) for C4 and C3 herbaceous plants may denote a
functional adaptation to the environment. Very high values of Dma.r, as obtained for a number of species,
correspond to little stomatal sensitivity to air humidity. The lack of response of g, to air humidity may restrict
plant survival in dry conditions. In that situation, Fig. 1 shows that gm. and hence the general level of stomatal
conductance and photosynthesis (whatever air humidity) are generally lower. On the other hand, plants showing a
high sensitivity to air humidity (that is, closing their stomata rapidly with increasing saturation deficits, consistent
with low values of Dnuu). may compensate for the resulting deficit of photosynthesis through higher values of gm.
In this respect, the C4- and C 3-line of Fig. 1 may correspond to viable parameters of the photosynthesis in
differing environmental conditions. Interestingly, these behavior differences may occur within the same plant
species, also, suggesting that either the cultivar or the growing conditions may contribute to determine gm and

Dmax.
Table 1 summarizes the results obtained for maize, rice, tobacco, common bean, and sunflower. From the
corresponding growing conditions listed in Table 1, the magnitude of Dma.r seems to be correlated with the size of
the pot in which the plant was grown: generally, the lowest value of Dma.r obtained for a given plant species,
corresponds to the smallest pots, that is, the lower potential extension of the roots. Given the limited number of
studies, it is difficult to draw conclusions about the effect of the mechanical limitation of rooting on the value of
gm and Dma.r. However, the effect presented in Table 1 is in agreement with other results (9) showing that a
number of unstressed pot-grown plants respond to D., while the same plants grown in natural soils do not.
Moreover, physiological experiments showed that the resistance that soil exerts to penetration by plant roots may
have an influence on the photosynthesis rate (10). A consequence of these observations is that the location of the
unstressed gm and Dma.r parameters of a given plant on the C4- or C3-line of Fig. 1 may depend on soil depth,
texture, density, structure, and presence of stones. Since soil hardness also depends on soil water content, there
might be an interaction between the soil water stress and the soil hardness effects on the plant functioning.
Concerning rice, it seems that another effect is at stake since the air-humidity growing conditions themselves may
influence 8m on the long term (Table 1).
It is interesting to note that the gm-Dma.r response to the first stage of water stress (Fig. 2) is almost parallel to the
C3-line of Fig. 1. Therefore, it may be assumed that the plant response to the early stage of soil desiccation may
be related to the soil resistance to rooting, which varies according to soil water content. The growth of the rootsystem of the plants following the first strategy (sunflower, hazel tree, and the MUREX fallow) may be
stimulated under moderate soil water stress, consistent with a displacement towards higher values of Dma.r on the
C3-line. This somewhat 'offensive' way to respond to water stress may be related to the ability of these plants to
develop a deep root-system. Therefore, the lack of stomatal regulation associated with high values of Dma.r is
compensated by the sufficient water supply ensured by exploring deeper soil layers (11). Also, short-cycled
plants may follow such a strategy. In this case, the lack of stomatal control is compensated by a phenological
ability to survive drought, either through a rapid reproductive cycle or through underground vegetative elements
able to survive water shortage. On the contrary, the 'defensive' strategy of cowpea and soybean may be explained
by an increased stomatal regulation in response to higher soil hardness. Following the C3-line for moderate soil
water stress, that is, improving the assimilation capacity by increasing 8m• while saving water by reducing Dmaxo
enables the plant to survive drought in spite of limited water supply and a relatively long growing cycle.
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Table 1
Intraspecific variability of the obtained mesophyll conductance at 25 °C g...( @25), and the
maximum leaf-to-air saturation deficit DIIIIIZ. The related growing conditions are indicated, as well as the
imposed leaf temperature during gas exchange measurements. The pot volume is expressed in units of I
3
(10" m~ and RH stands for relative humidity. The references are given in (5).
Plant

Author

Maize
Maize
Rice
Rice
Rice
Rice
Tobacco
Tobacco
Sunflower
Sunflower

Dai et al. 1992
Farquhar et al. 1989
Morison & Gifford 1983
Kawamitsu et al. 1993
Kawamitsu et al. 1993
El-Sharkawy et al. 1984
Dai et al. 1992
Farquhar et al. 1980
Hallet al. 1976
Turner et al. 1984

Dmu
(gkg"l)
29.1
166.4
42.4
64.7
65.2
361.1
45.6
131.9
127.7
273.0

8m(@25)
(mms"1)
17.51
9.29

1.00
0.96
0.56
0.20
1.08
0.08
1.28
0.29

Stressed. C3-

Leaf temperature
(OC)
30
30
25
30
30
30-35
30
28
30-35
30

Growing conditions
3.5-1 pot
45-1 pot
3-1 pot
16-1 pot, 85% RH
16-1 pot, 35% RH
25-1 pot, Submerged
3.5-1 pot
6-1 pot
6-1 pot
25- 35-1 pot
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Fig; 3. Schematic representation of two strategies of C3 plants to adapt the values of mesopbyll
conductance g,.. and maximum leaf-to-air saturation deficit DIIIIIZ in response to soil water stress.

A representation of both offensive and defensive strategies is given by Figs. 3-5 for C 3 plants having the same unstressed
parameters. Schematically, the first phase of soil water stress is represented by a linear response of Dmu to values of
extractable soil water e comprised between 100% and a given critical value 8c (an arbitrary value of 50% is taken in
Fig. 3). During this phase, 8m is related to Dmu by the C3-line logarithmic equation. For values of 8 below 8c. 8m and
Dmu are alternately constant and proportional to the OfOc ratio, for the offensive and the defensive responses,
respectively. The leaf stomatal conductance, transpiration, net assimilation (An). and water use efficiency (WUE), as
calculated by the new A-gs model as a function of 8 and D,, are given in Figs. 4-5 for the same offensive and defensive
responses described in Fig. 3, respectively. It clearly appears that the leaf response to soil water stress sharply depends
on the value of D,. Namely, there is an interaction between soil and atmospheric water stress.
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A remarkable difference between offensive and defensive responses consists in a higher WUE for intermediate soil water
contents in the defensive case, for given Ds conditions, whereas WUE diminishes in the offensive one. Also, An varies
significantly according to and D, in the defensive response, while An is much more stable in the offensive one. This is
consistent with the different survival mechanisms employed in both strategies: 1) water-saving regulation in the
defensive strategy (implying a constant adaptation of photosynthesis); 2) weak physiological response to soil water
stress, compensated by a more efficient root water-uptake or a more rapid growing cycle in the offensive strategy. These
results may explain why so many different parameterizations of the soil water stress have been proposed for SV ATmodeling (12). Since the 8-D, interaction is not explicitly treated in any of them, each parameterization may result in
correct simulations on given Ds conditions, for given soil and plant-response strategies, but fail elsewhere.
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ABSTRACT
The cold-air-drainage layer (CADL), which is defined as the surface air layer on a slope with a potential
temperature deficit, is made up of two sub-layers, a radiation cooling underlayer (RCL) and a mixing cooling
upper layer (MCL). Although the potential temperature deficit in the RCL is made by radiation cooling, that in the
MCL is conjectured to be made by mixing the cold air produced in the RCL with the air above, because the deficit
increases even while the potential temperature keeps rising in the MCL. Owing to the Kelvin-Helmholtz instability,
the thickness of MCL can change drastically, while the thickness of RCL remains almost constant in time. When
instability develops, an increase of potential temperature can be observed in the MCL and even in the RCL for a
short time, which is due to the entrainment of the air from above.
INTRODUCTION
The cold-air-drainage layer (CADL) is the surface air layer on a slope in which the potential temperature deficit
grows by radiation cooling and flows downslope. The CADL has a large influence on the environment of plants
and inhabitants living in sloping terrain.
The cooling of the CADL has generally been assumed to take place by heat transfer to the ground surface from
which radiation cooling occurs. However, Manins and Sawford (1) claimed that the divergence of longwave
radiation within the CADL should not be neglected. Sang and Kobayashi (2) observed the divergence occurring
above some tens of centimetres in height over a bare-soil surface on clear nights.
The speed of downslope wind depends on the buoyancy driving force arising from the temperature deficit and the
drag forces at the bottom surface and the top interface of the CADL, along with downward momentum advection.
Horst and Doran (3) estimated the surface stress to be 1.2 to 3 times the interfacial stress. Kondo and Sato (4)
assumed the both stresses to be comparable to each other.
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Figure 1: Topographic map showing the experimental slope on Mt. Kuju and the location of
measurement site M.
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From lack of data, we still remain uncertain certain how the CADL is formed and what determines the downslope
wind speed, so these questions deserve further investigation. The present study depicts the two-layer structure of
the CADL based on the observations made on a grass-covered mountain slope in Kyushu Island, Japan.
SITE AND INSTRUMENTATION
The observational site is situated on a slope ofMt. Kuju (Oita, 1787m above m.s.l.) (Figure 1). The slope falls to
the south-southeast and the average slope near the site is 7'. The surface around the site consists of grassland, the
height of grasses being less than a few tens centimetres. Observations were made at a point labeled M in Figure 1.
For the information on the instrumentation, sensor characteristics and sampling rates, see Noda et al. (5).
NET LONG-WAVE RADIATION
The net longwave radiation flux LN is given by LN = LJ. - Lt where Lt and LJ. are the upward and downward
long-wave radiation fluxes respectively. Although LJ. was measured with an infrared radiometer, its recorder often
malfunctioned, and hence a complete record of LJ. during the observation period was not obtained. Thus, the flux
calculated from the brightness temperature measured with an infrared thermometer of the sky in the down-slope
direction, averaged over the angle of elevation between 10" to 20", was used to estimate LJ.. Figure 2 shows the
relation between them, and the regression equation given on the figure was used for the estimation. The upward
flux Lt as calculated from the brightness temperature of the grass-covered slope surface, averaged across three
sampling locations.
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Figure 2':. CompariSon or downward' tongwave radiation fluxes measured witli an
infrared thermometer (X) and an infrared radiometer (Y) at night (1900-0500 JST).

RESULTS AND DISCUSSION
Syuoptic situation
Observations obtained during the period 25-26 August 1998 are analyzed in the present study, when a low was
moving northeastward along the continental coast to the west of Hokkaido Island, Japan. A tropical depression
developed to a typhoon on 25111 in a sea area (lat. 24N and long. 132E) to the south of Kyushu Island, Japan .. As a
result, although it was almost fine during the night, the ambient wind direction at the site turned clockwise from
west to east.
Shear flow instability
Figure 3 shows the variations with time of (a) net-outgoing longwave radiation flux, LN, (b) difference in potential
temperature between 1.5m and 20m, 20I.S, (solid) and integral potential temperature deficit between 1.5m
and 40m (dotted), D, which is defined as

e

e
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40
D=

J (840- 8)dz

(Km),

1.5

and (c) wind direction (dotted) and 10-min mean wind speed (solid) at 5.3m height. Potential temperatures were
calculated by assuming the air pressure at 1.5m height to be the standard pressure.

e

e

As can be seen, these quantities showed their maximum values at different times; i.e. LN.
w'·'' wind speed
20
and D in order of time. Thus, it can be said that this phenomenon is driven by the flux LN. and an increase in
- 8 a.s by radiation cooling increases wind speed, which finally causes large values of D. We can surmise that this
phenomenon is related to the shear flow instability (Kelvin-Helmholtz instability).
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Figure 4 shows the vertical profiles of potential temperature at various stages of the evolution of CADL. Figure 5
shows the variations with time of potential temperature at measurement heights, which were measured using a
tethered balloon except for 1.5m height. Before 2100 JST, the whole air layer was cooled by radiation, and the
interface between the CADL and the ambient air was not clear. A quick rise of potential temperature occurred in
419

the upper layers after that, while the lowest several metres kept cooling further. The thickness of CADL also
increased concurrently to about 40m. However, the whole air layer cooled drastically at about 0130 JST and the
CADL became thinner to about 20m, which is almost the same as the estimate made by Mori et al. (6) at the same
site in 1997.

Figure 4: Vertical profiles of potential temperature at night.
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Figure 6 shows the relation of downslope wind speed to LN during the period 25-27 August. When ~was smaller
than about 90 wm·2 their interrelation was not clear, however the wind speed increased rapidly as LN increased
more than 100 wm·2 , though the scatter was higher. This can be regarded as evidence that instability processes
were involved in the downslope wind speed and its variation with time.

Structure of CADL
From the results obtained by the present observations, we can surmise that the CADL is made up of two sub-layers;
a radiation cooling underlayer (RCL), and mixing cooling upper layer (MCL). The potential temperature deficit in
the RCL is made by radiation, while that in the MCL is conjectured to result from mixing of cold air produced in
the RCL with the air above, because the deficit increases even while potential temperature keeps rising in the MCL.
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Although the thickness of RCL remains almost constant in time, the MCL grows thicker when instability develops.
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CONCLUDING REMARKS
Downslope wind speeds are, in general, measured at a height of several metres to ten metres that is situated in the
transition zone from the RCL to the MCL. Thus, some kinds of wind speed oscillations seem to be due to
Kelvin-Helmholtz instability in the MCL (7).
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ABSTRACT
The lower part of the atmosphere where we live is directly influenced by local exchange processes that can
develop an individual local climate, different to the expected average conditions. Especially in urban areas the
great variety of different surfaces and sheltering obstacles produces a pattern of distinct microclimate systems. To
simulate these local systems, microscale numerical models with special extensions for typical artificial urban
boundaries are needed. The basic concept and the main equations of the three-dimensional non-hydrostatic model
ENVI-met (1,2) are presented in this paper. The model was used to simulate the local climate inside the Sydney
CBD Area. Due to the complexity, the simulation results are only presented on the poster or can be seen on the
ENVI-met website (3).

INTRODUCTION
Analyzing the interactions between the environment and the atmosphere on local scale is much more complicated
than looking at the same system on a regional scale. The multitude of different surface materials and sheltering
objects produce a very distinct pattern of different climate conditions, especially within the building structures
such as street canyons or backyards.
This paper presents the microscale model ENVI-met (1,2) which is able to simulate the interactions between
different urban surfaces, vegetation and the atmosphere. ENVI-met aiJows to analyze the effects of smaii scale
changes in urban design (e.g. trees, backyard greening, new building consteiiations) on microclimate under
different mesoscale conditions.
The model is used to study the interactions between environment and the atmosphere in the CBD of Sydney,
Australia.
The Sydney CBD Area, including the harbor districts and the Botanical Gardens, build a system of very different
urban elements forming the local climate by interacting in a complex way. Very taii buildings in the main CBD
create a strong modification of the atmospheric boundary up to a height of more than three hundred meters. This
area of high roughness is surrounded by the Botanical Gardens with grass and occasional trees as weii as by the
Pacific Ocean. Both systems have a moderate daily surface temperature amplitude, high transpiration rate and
reduced wind friction offering good ventilation properties.
Because of their complexity, the results cannot be shown in a suitable form in this paper. They are presented on
the accompanying poster on the ICUC-ICB'99 Conference and can be downloaded from the ENVI-met Website
(3). At this location, you can also download the software package which is Freeware. You are welcome to use it
for your own needs.

MODEL DESCRIPTION
Only the basic equations from the physical model are presented here. The complete model system includes a
number of additional models such as biometeorological or particle dispersion models, not used in this study.
a) Mean Air Flow
The basic concept to describe three-dimensional turbulent flow is given by the non-hydrostatic incompressible
Navier-Stokes equations in the Boussinesq- approximated form (Ia- c) and the Continuity equation (2):
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Here, f (=104 sec"1) is the Coriolis parameter, p' is the local pressure perturbation and 9 the potential temperature
at level z. The reference temperature 6rer should represent average mesoscale conditions and is provided by a
one-dimensional model running parallel to the main model. The local source/sink terms Su, Sv and Sw describe
the loss of wind speed due to drag forces at vegetation elements. This effect can be parameterized with
Su(i) =

Op'

.
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where W=(u2+yl+vl) 0·5 is the mean wind speed at height z and LAD(z) is the leaf area density (m2m.3) of the
plant in that height (4,5)). The mechanical drag coefficient at plant elements cd.r is is set to 0.2.
b) Temperature and Humidity

The distribution of temperature (9) and specific humidity (q) inside the atmosphere is given by the combined
advection-diffusion equation with internal source/sinks :
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Similar to the momentum equations, Qh and Qq are used to link heat and vapor exchange at the plant surface with
the atmospheric model. The quantity of Qh and Qq is provided by the vegetation model described later on.
c) Turbulence and Exchange Processes

ENVI-met can use the l 51 order mixing length approach (6) as well as an 1.5 order closure model (E-e Model)
based on the work of Mellor and Yamada (7). For this study, the more accurate 1.5 order closure was selected
which adds two more equations for local turbulence (E) and its dissipation rate (e) to the model:
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The influence of mechanical shearing (Pr) and thermal forces (Th) is given by
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To calibrate thee-equation standard values c 1=1.44 ez=l.92 and c3==1.44 given by Launder and Spalding (8) have
been used. Additional turbulence production as well as the accelerated cascade of turbulence energy from large to
small scales near to plant foliage elements can be calculated as (4,9):
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From the calculated E-e field the turbulent exchange coefficients are calculated assuming local turbulence
isotrophy using the relationships
Km
Km
E2
Km =Kh =Kq =c11 - ; KE =--;KE = - e
OE
OE

(10)

with c~=0.09, oE=l and Ot= l.3. To simulate boundary layer flows under different thermal stratification,
additional scaling functions given by Sievers et a/. (10) and Businger et a/. (II) are needed to adjust the
exchange coefficients.

d) Radiative Fluxes
The modification of the radiative energy fluxes is the major factor in urban environments causing differences in
local climate. Therefore a accurate representation of the radiative fluxes is essential in urban climate models. A
complex ray-tracing algorithm (12) is used in ENVI-met to estimate the modification of the different radiative
fluxes at each grid point of the model. The results are stored as reduction coefficients (o ...) ranging from 1 for
undisturbed fluxes to 0 for a total absorption. Five reduction coefficients are used for the different radiative
fluxes:
Osw,dir{z) =exp(F·LAI"(z)}

a.

b. Osw,dir(z) = exp(F · LAI(z,zp))
c.

oL(z.zp)=exp(F·LAI(z,zp))

(11)

d. oL(O,z) = exp(F · LAI(O,z))
360

e.

0

vf(z) =1/360LcosA.(n)

5

rt=O

Coefficients (a)-(d) describe the influence of vegetation on (a) direct and (b) diffuse shortwave radiation and on
the (c) downward and (d) upward flux of longwave radiation. LAI is the one-dimensional vertical leaf area index
of the plant from level z to the top of the plant at Zp or the ground z=O :
z'+Az

LAI(z,z+az) =

f

LAD(z') dz'

(12)

z'

For the direct component the three-dimensional index LA( is calculated with respect to the angle of incidence
from the incoming sun rays. If a building is found to lie between the point of interest and the sun, Osw,dir is set to
zero immediately (=shaded).
Coefficient (e) describes the local sky obstruction by buildings (,Sky-View-Factor") and ranges from 1 (free sky)
to 0 (no sky visible). A. is the maximum shielding angle found by the ray-tracing module in direction 1t.
With given coefficients, the local radiative fluxes can be calculated for each grid point inside the model domain.
The shortwave radiation in height z is given by
(13)
Here, R~w,dir and R~w,dif are the direct and diffuse components at the model top. The additional last term
considers reflection of shortwave radiation from the environment with a being the average wall albedo.
In case of the longwave radiation it is assumed that shielding vegetation layers will absorb parts of the radiative
flux and replace it with their own Jongwave radiation. Depending on the temperature and distribution of
vegetation the resulting longwave fluxes can be higher or lower than in unshielded areas. The influence of
surrounding buildings is taken into account by adding additional fluxes weighted with the sky-view-factor. Using
the concept of reduction coefficients, the downward and upward fluxes at level z are:
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Here Tr + and Tr _ are the average foliage temperature of the overlying and underlying vegetation layer, To is the
surface temperature and Tw the average wall temperature of walls 'seen' from the grid point. The emissivities of
the foliage, the ground surface and of the walls are er , Es and ew, cr8 is the Stefan-Boltzmann constant.
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THE SOIL MODEL
Very different soils and surface materials can be found in the urban envirorunent. To allow an accurate
simulation, individual thermodynamic and hydraulic properties can be selected for each grid cell of the soil
model. The transfer of heat (T) and volumetric moisture content (ll) are calculated in the one-dimensional form
for a vertical soil column:
(16)
(17)

The thermal diffusivity Ks is a function of soil moisture l1 for natural soils (13) and a given constant for artificial
material. To allow water bodies to be treated similar to soils, an additional internal heat source Qh was added in
(1·6) in order to simulate the absorption of shortwave radiation inside the water body. This simple formulation
does not allow a turbulent mixing inside the ocean and is more suitable for water pools or lakes.
For natural soils, the hydraulic conductivity K.,1 and diffusivity D11 are calculated using the formulae given by
Clapp and Hornberger (14). No water transport is possible in or through sealed soil layers.
The water loss inside the soil due to uptake by plant roots is included by the sink term ~ in (17) provided by the
vegetation model.

THE VEGETATION MODEL
Vegetation is treated as a one-dimensional column with height Zp with a given nomi~lized leaf area density
(LAD) and root area density (RAD) profile. This scheme is.universal and can be used for small plants like grass
or crop as well as for huge trees.
The interactions between the plant leafs and the surrounding air can be expressed in terms of direct heat flux
Or.h.), evaporation flux (Jr.evap) and transpiration flux (lr,trans):
J f,h

=l.lr;' (Tr - T.)
1

(i8a,b,c)

Jf,evap ==r.-'AqBcfw +ra- (1-&c)&t
1

Jf,trans =&c(r, +rsr (1-fw}Aq
Ta and q, are the temperature and the specific humidity of the surrounding air, Tr is the foliage temperature and q.
the saturation value of q at the leaf surface. Aq is the vapor saturation deficit with Aq=q.(T,)-q•. The transfer
coefficient for sensible r, heat is calculated with respect to leaf geometry and local wind speed ( 15).
The vapor exchange is controlled by stomatal resistance r5 which takes into account plant type, water availability,
radiation input and water content inside the root zone (16).
Be is set to 1 if evaporation and transpiration can occur (Aq2::0), otherwise Oc is 0 and only condensation is
possible.
Assuming that only wet parts of the vegetation can evaporate (18b) and, on the other side, only dry parts will
transpire (18c), the fraction of wet leaves inside one grid box is needed. This can be calculated as
(19)

where W dew is the actual amount of dew on the leave surfaces and W dew,max is the maximum possible value (0.2
kgm··2 ) (16). The foliage temperature Tr is calculated from the actual energy balance with neglecting internal
energy storage inside the leaf.
The vegetation model is coupled with the main atmospheric model using the source/sink terms
Qh(z):: LAD(z)Jr,h

(20)

Qq(z):: LAD(z){Jr,evapo +Jr,trans)

(21)
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For the soil model, the water sink term Srt is obtained by distributing the total amount of transpired water over the
root layer using the given root area density as weighting factor (17).
GROUND SURFACE AND BUILDING WALLS
The temperatures of the ground and wall surfaces are obtained by solving their energy balance equations. For the
ground surface, T0 can be calculated from
(22)
where Rsw,net and R1w,net are the net shortwave and longwave radiation absorbed by the surface and G is the heat
flux from/ into the deeper soil. For wall surfaces, G is replaced by the heat transmission through the wall that is a
function of the difference between indoor and outdoor temperature and of the insulation ofthe wall.
To calculate latent heat flUx, the surface humidity q0 has to be calculated parallel to the surface temperature T 0 •
It depends on the soil moisture content at level z=-1, the air humidity q, and the saturation value q. using the~
approach from Deardorff(l6):
qo =~q.(T0 )+(1-~)q(z=l)

(23)

where llrc is the field capacity of the soil at level -1. For wall surfaces, q0 is always equal to q. and for water
surfaces q0 is always equal to q•. The turbulent fluxes of momentum, heat and vapor between the surfaces and the
surrounding air are calculated using the similarity law from Monin and Obhukov.
MODEL IMPLEMENTATION
The equations are solved on a three-dimensional rectangular grid with variable spacing in x-, y- and z-direction.
The alternating direction implicit (ADI) method was used to solve the advection-diffusion equations.
Dependencies with the pressure field were removed from the Navier-Stokes equations and an explicit correction
method (SOR) is used to correct the obtained auxiliary flow field into a mass-conserving flow field. .
The model calculates transient forward in time with a maximum time step of 10 sec. Explicitly linked parameters
such as the surface temperatures or plant parameters are updated after given time intervals.
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ABSTRACT
In most meteorological models, urban and non-urban areas are treated mostly similarly, e.g., through similar subsurface, surface, and boundary-layer formulations. No different/additional mechanisms or physics exist to
account for urban-specific dynamics and energetics, and for their impacts on the planetary boundary layer.
However, recent efforts have suggested various modeling approaches to link the different physics of the canopy
and urban boundary layers.
This paper briefly reviews the issue of model urbanization. A review of approaches taken to date is presented.
The paper then focuses on one such aspect, that is a formulation we propose for improved prediction of urban air
temperature fields. Results from applying a modified (urbanized) model to a Northern Georgia domain are
discussed with particular emphasis on urban heat island magnitude and related impacts on emissions and ozone
production. Application of the modified (urbanized) model produced a larger simulated Atlanta heat island,
which then resulted in increased biogenic volatile organic compounds (e.g., isoprene) emissions by 10% and in
accelerated photochemical production of ozone by about the same amount.
INTRODUCTION
The concept of model urbanization is not new. A review of linkages between canopy- and boundary-layer
models (1) shows that the issue is very much worth addressing, but that it is also complicated. Part of the reason
is that the urban boundary layer is more complex than rural or "idealized" ones. The lower atmosphere over an
urban environment is non-homogeneous and non-stationary. The planetary boundary layer (PBL) structure is
more complex over urban areas than nearby rural ones, as it consists of canopy and roughness sub-layers not
found within typical rural atmospheric surface layers (ASLs). The urban canopy layer (UCL) is composed of
diverse individual street canyons, while the urban roughness sub-layer is a non-equilibrium transition layer in
which vertical momentum, energy, moisture, and pollution fluxes from individual urban canyons blend together.
Problems arise, however, first in the definition, and then in the specification of the characteristics of the
boundary-zone roughness sub-layer. In addition, the lower-boundary surface in urban areas is not clearly
defined in PBL models. Is it the ground surface; combination of ground, wall, and roof surfaces; displacement
height; rooftop levels; or roughness sub-layer bottom, middle, or top? This definition is important, as solutions
of the surface energy and moisture balance equations at atmosphere-ground interfaces require determination of
momentum, heat, and moisture fluxes assumed invariant with height (via similarity theory) from the surface to
the ASL top. This represents a particular challenge in mesoscale modeling.
The most common definition of the lower boundary in urban PBL models uses a flat (zero building height) sand
box approach, in which the only differences between urban and non-urban surface grid points are the specified
values of the aerodynamic, thermal, and radiative coefficients in the surface energy and moisture balance
equations. Urban structures are thus reduced to urban sand. On the other extreme, is the addition of gridaveraged urban-building topography height values onto natural topography height values. Intermediate
approaches for modeling the physical presence of urban structures are thus needed.
Possible linkage mechanisms between the urban UCL and PBL models include parameterizations of UCLs using
observations, physical models, and/or numerical models. Parameterizations could be based on building lengthto-height ratios, building length-to-street-width ratios, building roof angles, effective urban roughness lengths,
and effective urban displacement heights.
The second group of linkages includes one-way up-scale model nesting. Such techniques could include (in order
of increasing desirability) use of l) typical homogeneous-surface land-use grid cells (e.g., urban, suburban, and
rural), 2) average urban surface radiative, thermal, and aerodynamic parameters weighed by scalar grid cell
fractional land use, 3) average ASL fluxes weighed by scalar grid cell fractional land, and 4) average ASL fluxes
weighed according to vector (amount and distribution) grid cell fractional land use.
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The third group consists of one way, down-scale linkages, including storage of UCL model results for use as
time- and space-varying initial and surface boundary conditions in PBL models, a technique currently used to
link mesoscale and synoptic-scale models. A limitation of this approach is that UCL models are currently too
computer intensive for application to entire cities and regions. Also, UCL models alone cannot include upper
boundary conditions influenced by time and space variations within the urban PBL.
The final group of linkage techniques consist of two way nesting, with a UCL sub-model either over urban subareas or entire domains. In theory, two way nesting should provide the best results, but current formulations
(applied between synoptic and mesoscale meteorological models) are not problem-free, e.g., up-scale feedback
destroys mass consistency within the larger domain .
Thus to date, the most common approach to "specify" an urban area in a mesoscale meteorological model is
through input differentiation of the gridded surface thermo-physical properties, e.g., roughness length, moisture
content, density, specific heat, anthropogenic heat, thermal inertia, albedo, and vegetative cover (2,3,4).
However, this approach has limitations as seen above. Thus conceptually, some modifications, e.g., urbanization,
to PBL models are needed to improve the accuracy of simulating the UBLs. Another reason why PBL-model
urbanization may be necessary is the need to more accurately assess the urban meteorological impacts of
changes in certain surface properties, e.g., changes in surface albedo, which result from increased urbanization
and changes in roofing and paving materials. In some cases, urban albedo may even be intentionally modified to
achieve energy efficiency and air quality improvements (4,5). Thus quantifying the effects of inadvertent or
intentional changes in albedo is of interest in meteorological modeling of urban areas.
Another issue related to model urbanization is the generation of annual urban weather, i.e., the extrapolation of
episodic meteorological simulation results to annual time periods (6). Specifically, one would like to quantify the
changes in year-round hourly meteorological parameters of relevance to building energy modeling, e.g.,
temperature, due to the urban heat island effect or following certain changes in surface properties, such as
albedo. Here again, the urbanization of mesoscale models is important.
In the rest of this paper we present one attempt at better characterizing the urban canopy layer's thermal
environment through urbanizing a PBL model following a bulk-parameterization approach. This is explained in
the following sections and results are presented for the Atlanta GA region.
PROPOSED URBANIZATION SCHEME
As mentioned in the INTRODUCTION, canopy-layer models are available and have been integrated with PBL
models. In some cases, these canopy-layer models have been quite detailed (7,8). However, that level of detail is
not so useful or amenable to application in mesoscale modeling at which scale it is difficult to find and/or specify
all the needed input at such resolution (e.g., building- and street-scale). In addition, all the detail will be lost
when averaging at a mesoscale model's grid. Thus unless the application is micrometeorological in scale, there
may be little gain in employing sophisticated urbanization schemes in PBL models.
Thus in this case, a bulk approach may be a more appropriate alternative. "Bulk", in this paper, refers to an
approach where parameters are quantified and modified as averages at the PBL model's grid resolution. This
approach is more feasible because the input data is readily available, e.g., USGS and remotely-sensed data such
as AVHRR. Following this perspective, we select the Objective Hysteresis Model, or OHM (9) as a basis for a
PBL model urbanization. We also select the CSUMM (2) as the "host" PBL model. The CSUMM was selected
only because it was used by the lead author in several earlier studies, but there is no reason to believe that this
urbanization scheme would not apply equally well to other models.
In our proposed urbanization approach, the OHM is implemented in CSUMM so that the ground heat flux term
of the PBL model's energy balance equation is modified by including OHM's storage heat flux computation.
The modification to computed ground heat flux is proportional to the fractional area covered by urban land uses
as specified in the model's input for each grid (10). In the rest of this paper, the modified (urbanized) CSUMM
will be referred to as UMM (Urbanized Mesoscale Model) as used in an example application to the Atlanta GA
region.
MODELING RESULTS FOR THE ATLANTA GA REGION
An inner-nest modeling domain of 60x60 km was used to simulate the northern Georgia region. Metropolitan
Atlanta is roughly in the middle of this domain (Figure Ij. The grid interval is 2 km and the modeling episode is
July 28 through August 1, 1997. Initial conditions were based on observational data from the Georgia Mesonet
(11). The domain and modeling approach are described elsewhere (10). Also, a model performance evaluation of
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UMM, using this Mesonet data, found it to be an improvement over the non-urbanized CSUMM in simulating
the Atlanta heat island during this episode (10).
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Figure 1. Difference (0 C) between the Atlanta UID simulated with UMM and that simulated with the DOD•
urbanized CSUMM for 1400 LST on August 1. Rural air temperature does not change but urban-rural
temperature gradient increases.

The Atlanta heat island
Because the UMM has an enhanced mechanism for quantifying the storage heat flux in urban areas, based on
OHM, it can more accurately simulate an urban heat island (UHI). In the case of Atlanta GA, the simulations
with UMM show an increased UHI intensity compared to that simulated with the original CSUMM (10). At
1400 LST, for example, the UHI is larger by 1.7°C; the temperature at the maximum's location increases from
31.3°C in CSUMM to 33°C in UMM (Figure 1). The simulated UHI is more differentiated (larger temperature
gradients) in UMM than in the non-urbanized model. Note that Figure I does not show absolute simulated
temperatures, but the increase in UHI intensity as a result of using UMM instead of CSUMM. The air
temperature discussed here is at 2.5 m above ground level.
Higher air temperatures translate to increased precursor emissions and larger photochemical smog formation
rates. Is an increase of 1.5°C significant in such modeling? Is it important and worth the effort to urbanize a PBL
model for this magnitude of air temperature changes? We answer these questions next and show that it does
makes a big difference in terms of temperature-dependent precursor emissions and production of ozone.
Biogenic and anthropogenic emissions
An environmental correction algorithm (12) for computing emissions of isoprene (C5H8) and monoterpenes
(CHfl 16) is used here to assess the implications of a 1.5°C increase in air temperature on computed biogenic
hydrocarbon emissions from vegetation. The algorithm for computation of isoprene emissions has the form:

FT =[e a(Ta-c)IR Tac 1I [ 1 + e b(Ta-d)IR Tac 1 '
where E and Eo are the modified and standard emission rates for isoprene, FT. FL, Fe, and FH are correction
factors for temperature, light intensity, carbon dioxide concentrations, and humidity, respectively. Ta is air
temperature, R is gas constant, and the parameters a, b, c, and d are constants.
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We find that within the typical range of absolute air temperatures experienced in Atlanta in summer (-25-37°C),
an increase of 1.5°C in air temperature can have a significant impact on increasing isoprene emissions. The
increase is about 10% at the solar radiation and humidity levels associated with the modeling episode described
earlier. This is significant, especially since isoprene is very reactive. In addition, an increase of 1.5°C has a
smaller, but still detectable effect on emissions of anthropogenic volatile organic compounds (e.g., evaporative
VOC) and nitrogen oxides (e.g., NOx from power plants and mobile sources). The estimated amount of increase
in these anthropogenic precursor emissions is between 1 and 2%.
Ozone formation
A large number of photochemical reactions are temperature dependent. The dependence of these reactions' rate
constants is typically given by:
C =a e·EIRT

where a is a constant, E is activation energy, R is gas constant, and T is ambient temperature. Thus as
temperature increases, in general, the production of ozone accelerates. This effect is accounted for mainly
through the chemistry of peroxyacetyl nitrate (PAN) and is the dominant chemical mechanism. However, one
should keep in mind that there is a large number of reactions (some of which have an opposite effect) and that
the system of equations is highly nonlinear, e.g., CB-IV mechanism (13). In our modeling of Atlanta, we found
that the effects of an urban temperature increase of 1.5°C (directly on photochemistry and indirectly upon
temperature-dependent emissions) is an increase in urban averaged ozone concentrations by 10% and of the peak
by 5-10 ppbv during the time interval 1400 through 1700 LST in the specified episode. These increases also
include the effects of changes in mixing height and winds fields as a result of increased urban air temperatures.
Finally, to give a qualitative assessment of the emission equivalents of these temperature changes, we ran a
photochemical model (UAM) 100 times (using different NOx-to-VOC emission ratios) for this episode to
generate a peak-ozone isopleth map (Figure 2). We use · this map to "see" the NOx and VOC emissions
equivalents that would be needed to achieve an impact on peak ozone concentrations comparable to the impacts
of a 1.5°C change in air temperature. The figure suggests that a temperature change of 1.5°C is equivalent to
changes of about 8-10% in NOx emissions and 8-10% in VOC emissions. Again, this is a very significant effect,
equivalent to the potential impacts of many proposed emission control strategies!
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Figure 2. Peak ozone concentration isopleths at 5 PM for Atlanta GA simulated with the Urban Airshed
Model (UAM) for the episode July 27- August 1 (1997). The contour interval is 2.5 ppb. The top right
comer (100%,100%) represents 150 ppb. The thick line at right is 142.5 ppb and the one at left is the
National Standard (120 ppb). The area to the right of 142.5 ppb is equivalent to the effect of 1.5°C.
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DISCUSSION
This paper presented brief "snapshot" results from an ongoing study by the authors on the effects of the Atlanta
urban heat island on meteorological conditions and air quality in the region. The application of the urbanized
PBL model (UMM) to the Atlanta modeling domain resulted in a larger simulated UHI. The comparison of
UMM's results with observational data is more favorable and suggests improved model performance over
CSUMM in simulating the UHI for the selected episode. We also briefly showed that a difference in air
temperature of 1-2°C can have significant impacts on biogenic hydrocarbon emissions, such as isoprene, other
biogenic and anthropogenic precursor emissions, and the rate of photochemical smog formation. Thus model
urbanization is important and worth implementing in PBL models to achieve more reliable results. As shown in
this paper, using an urbanized model resulted in significantly different meteorological and air quality conditions.
Although this paper presented results for the CSUMM, the general findings and effects should be applicable to
other models as well.
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A COMPLETE PHYSICALLY-BASED TOWN ENERGY BUDGET SCHEME FOR
ATMOSPHERIC MODELS
V. Masson 1, D. Brion2 , J. Noilhan1 and J.-C. Calvet1
l. Meteo-France/CNRM, 31057 Toulouse Cedex 01, France
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ABSTRACT
An urban surface scheme for atmospheric mesoscale models is presented. A generalisation of local canyon
geometry is employed instead of the usual bare soil formulation currently used to represent cities in atmospheric
models. This allows the refinement of the radiative budget as well as the momentum, turbulent heat and
conduction fluxes. This scheme is designed to be as general as possible, in order to represent any city in the
world, for any time or weather condition (heat island cooling at night, urban wake, water evaporation after
rainfall and snow effects). Sensitivity tests of the model are performed for a one-year simulation period. The
scheme has the ability to retrieve - without a priori assumptions - the diurnal hysteresis between turbulent heat
flux and storage flux. The scheme reproduces the damping of the daytime turbulent heat flux by the heat storage
flux observed in a city downtown. A fog episode in Paris is simulated with the MESO-NH atmospheric model in
which the Town Energy Budget (TEB) scheme has been included. The heat island compares favourably ·with the
observations, and the fog forms and dissipates correctly.
INTRODUCTION
The numerical modelling of urbanised areas is necessary because of the complexity of physical processes being
studied. Two main approaches exist to accomplish this modelling. First, the urban climatologists use buildingresolving models which allow the detailed examination of many processes. This has been simplified with the
well-known 'canyon' model, from Oke and colleagues (1), dedicated to urban streets. These models are used to
understand town energetics. Second, as the resolution of atmospheric models increases, the atmospheric
modellers want to simulate the interaction between the cities and the atmosphere. The most common way to do
this is to use a vegetation-atmosphere transfer model whose parameters have been modified. Most recent works
use a dedicated formulation for the storage heat flux (2, 3), but still considering horizontal surfaces only. This
shows the gap between the state of the art in urban climatology and its parameterization in atmospheric models.
The Town Energy Budget (TEB) scheme is built following the canyon approach, generalised in order to
represent larger horizontal scales.
METHODS
The TEB model is aimed at simulating the turbulent surface fluxes in a mesoscale atmospheric model in which
the surface is covered by buildings, roads, or any artificial material. It parameterizes both the urban surface and
the roughness sublayer, so that the atmospheric model only 'sees' a constant flux layer as its lower boundary. At
the mesoscale (with a grid mesh larger than a few hundred meters), spatial averaging of the town characteristics,
as well as its effects on the atmosphere, are necessary. The individual shape of each building is not taken into
account. The TEB geometry is based on the canyon hypothesis. However, a single canyon would be too
restrictive at the considered horizontal scale. We therefore use the following original city representation:
1)- the buildings have the same height and width (in the model mesh); the roof level corresponds to the surface
level of the atmospheric model; 2)- buildings are located along identical roads, the length of which is much
greater than their width; the space contained between two facing buildings is defined as a canyon; 3)- any road
orientation is possible, and they all exist with the same probability. The latter hypothesis allows the computation
of averaged forcing for road and wall surfaces. In other words, when the canyon orientation appears in a formula
(with respect to the sun or the wind direction), it is averaged over 360°. In this way, no discretization is
performed on the orientation.
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Fig. 1 Position of the prognostic variables of the TEB scheme: layer temperatures for roof, road, wall,
water and snow reservoirs.

These hypotheses, as well as the formulations chosen for the physics (4), allow the development of a relatively
simple scheme. In TEB, geometric, radiative, and thermal parameters characterize the city: the surface type
fractional area (natural surfaces, buildings, and roads), the building height and aspect ratio, the road canyon
aspect ratio, the dynamic roughness length, the albedo and emissivity for each surface (roof, road, and wall),
together with material thickness, thermal conductivity, and heat capacity for each layer (Figure 1). The TEB
model does not use one urban surface temperature (representative of the entire urban cover), but three surface
temperatures representative of roofs, roads and walls (Figure 1). There are two reasons for that: 1)- this allows
the maximum use of results gathered by the urban climatologists about the urban surface energy budget, 2)- the
use of only one temperature is debatable, because it is observed that the Monin-Obukhov similarity theory does
not apply for temperature in the urban roughness sublayer. As a consequence, three surface energy budgets are
computed, one for each surface type. The resulting fluxes at town scale are obtained by averaging (see Figure 2
for the links between the surfaces and the atmosphere).
The physics of the scheme are relatively complete, thanks to the use of this non-flat canyon geometry: I)interception of snow and water; 2)- longwave computations (with one re-emission), simulating infra-red trapping
effects; 3)- short-wave computations (with an infinity of reflections), simulating solar trapping effects; 4)momentum fluxes (with an urban roughness); 5)- sensible and latent heat fluxes, dew; 6)- storage flux (by an
explicit conduction equation), and domestic heating (through a constant buildings' internal temperature); ?)anthropogenic fluxes (car traffic, industry, etc.).
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Aerodynamical resistances
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Fig. 2 Schematic view of the different fluxes (left) and choice of wind profile in the canyon (right).
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Fig. 3 Monthly averaged energy budget diurnal cycles simulated by TEB. Sources are: Net radiation
(Q*, full line); Anthropogenic combustion sources (F, dashed-triple dot). Sinks are: Sensible heat flux (H,
dotted), latent heat flux .(LE, dashed), storage fluxes (G, dashed-dot). Negative G represents heating by the
buildings' interior.

SENSITIVITY EXPERIMENT
The TEB model is run using several one-year meteorological forcing time-series in order to investigate its ability
to represent the energetics of the urban atmosphere for a large variety of weather conditions. The data of the
Hapex-Mobilhy experiment (southern France, 1986) are used. It is representative of a mid-latitude oceanic
climate region. A run is performed, representing a medium sized city, with the same value for streets' width and
buildings' height. The roof and road fractions are the same. The walls and roofs are made with concrete, with a
tiny insulation layer in the interior. Roads comprise one asphalt layer and two dry soil layers. A small
anthropogenic flux is added for both the car traffic and industry (20 W m"2 during the day, and 5 W m"2 during
the night). In the warm season (Figure 3), the radiative loss during the night is mainly counterbalanced by the
building heat release, with small heat turbulent fluxes. During the morning, the heat storage in roads and
buildings is the main budget term. Then the turbulent sensible heat flux becomes dominant. This hysteresis
behaviour is well known in urban climatology (5). The latent heat flux is very small compared to the others. It is
maximal in the morning, thanks to the evaporation of rainfall or dew, which accumulated during the night, but is
very low in the afternoon. During the cold season, this budget cycle is modified by domestic heating. During the
day, the turbulent heat flux is reduced because of the small solar input, but the main difference occurs during the
night. The air temperature being much smaller than the building interior, the heat release is more important than
the longwave loss, and a turbulent heat flux towards the atmosphere is generated.

MESOSCALE SIMULATION OF A FOG EPISODE OVER PARIS
The TEB surface scheme was implemented in the mesoscale atmospheric model MESO-NH (6). A case of fog
around and inside the agglomeration of Paris (11th October 1995) is studied. This episode was preceded by a
clear-sky day, and light winds (lower than 5 m s" 1) prevailed. Two nesting models with increasing resolution were
used. The first one is 300 x 300 km with a resolution of 5 km. The second one is 100 x 100 km with a resolution
of 1 km. The vertical grid is very fine, with 37 levels (25 of which under 2 km of altitude), and the first model
level at 2.5 m from the ground (or from the roof surface). The physics involved are turbulence, radiation, explicit
clouds, and two surface schemes (ISBA (7) for vegetation and TEB for town). The simulation starts the lOth
October 1995 at 1200 UTC. In this way, the model is able to create the correct conditions for the beginning of
the night (residual boundary layer, heat storage by the town surface, correct surface temperatures). The
simulation lasts until 1200 UTC the next day, showing the complete cycle of fog (formation and dissipation). The
orography and the fraction of horizontal surface occupied by artificial material are shown on Figure 4.
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Town fraction per kJn2

Orography

lOOkm
Fig. 4 Orography (left) and town fraction (right) for the inner domain of the MESO-NH simulation.
Thick lines are the administrative borders. Paris itself is in the center.

In the centre of Paris, the vegetation parks and gardens are evaluated at 10%. Figure 5 displays the evolution of
the temperature at 2m. Figures 6 and 7 show the evolution of the simulated fog during the night and the morning.
No fog measurements are available, but there are reports of fog in the centre of Paris in the morning. The fog
forms first on the plateau around the city during the night. Then it is advected towards the centre of the city by
the mesoscale circulation induced by the thermal contrast between the countryside and the agglomeration. At the
end of the night, the fog is present over the entire city. When sun rises and surface heating begins, the resulting
vertical motion over Paris lifts the fog. The resulting stratus breaks two hours later, while fog dissipates in the
surrounding countryside. At midday, only fog and stratus remnants are present in the area (this was confirmed by
the satellite image, not shown).
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Fig. 5 Observations (top) and simulation (bottom) of the 2m temperature at 18UTC the lOth October
1995, and at OOUTC and 06UTC the 11th October 1995. Observations are interpolated between the
meteorological stations.
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Cloud water and wind arrows at 2m50 above ground
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Fig. 6 Evolution of t he simulated fog fr om 02UTC to 12UTC (fi rst model level).
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Fig. 7 Evolution of the simulated fog from 02UTC to 1200 UTC (SW-NE vertical cross section).
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DISCUSSION
The TEB surface scheme is aimed at representing the energetic exchanges between cities and the atmosphere in a
prognostic way. To our knowledge, this is the first time that the well-known canyon geometry is used to describe
a city at the surface of an atmospheric model. All weather conditions can be treated, day or night, and even
precipitation events, without any a priori assumption or tuning of the parameters. The partition and diurnal
hysteresis between the turbulent sensible heat fluxes and storage fluxes are correctly reproduced by the scheme.
The heat storage during the day can be greater than the turbulent heat flux if buildings are high enough (not
shown). Finally, the latent heat can be neglected on average at the monthly time-scale, but is very important when
relatively short (daily) time-scales are considered (not shown). The TEB scheme is implemented into the MESONH atmospheric model. It simulates correctly the heat island observed during a fog event (on temperature, and on
humidity - not shown-). Furthermore, the overall evolution of fog is realistic.
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ABSTRACT
No environment offers more challenges to the meteorological observer than the city. Quite simply the normal
protocols governing observing practice break down. Given the necessary instruments to establish a modern
weather or climate station even a seasoned meteorologist does not know where to put them to generate useful
data, because almost no site conforms with the WMO rules for exposure and in any case it's not clear what the
observations are meant to characterize. At sites in most other environments the person installing the station is
clear that the aim is to observe the state of the atmosphere without undue influences from the surface
microclimate. This paper is about what the meteorological community should do to build a similar clarity of
aims and rules for exposure when siting instruments in cities, where microclimates are everywhere. It argues for
a serious attempt to develop new protocols and guidelines for those charged with installing and operating urban
stations and networks.

INTRODUCTION
No environment offers more challenges to the meteorological observer than the city (1,2). Quite simply the
normal protocols governing observing practices break down. Given the instruments to set up a modern weather
or climate station even a seasoned meteorologist does not know where to put them to generate useful data,
because almost no site conforms with the WMO rules for exposure (3,4) and in any case it's not clear what the
observations are meant to characterise. At sites in most other environments the person installing the station is
clear that the aim is to observe the state of the atmosphere without undue influences from the surface
microclimate. This paper is about what the meteorological community should do to build a similar clarity of
aims and rules for exposure when siting instruments in cities, where microclimates are everywhere. It argues for
a serious attempt to develop new protocols and guidelines for those charged with installing and operating urban
stations and networks.
On the whole the present state of meteorological measuring systems in cities is at best inadequate and in many
cases an embarrassment. Stations are sited in bizarre locations, over widely differing surfaces, at various heights
and the exposure of individual instruments commonly violates WMO rules of observing practice. When faced
with these facts, those involved with installing and maintaining meteorological systems commonly shrug their
shoulders and point out that it is very difficult to do better given the real diversity and constraints provided by
cities and the guidelines they are given to work with. They are correct, but I argue here that it doesn't have to be
this way. Establishing and running a station can be an expensive undertaking, it is therefore an enormous waste
when, because of poor siting and exposure, the system underperforms or produces nonsensical information.
As I see it obvious problems arise from at least four sources:
•
confusion over the purpose of observation - most meteorological stations are established either to observe:
(a) the local climate, and its trends, free of microclimatic influences, (b) the weather free of local effects in
support of operational services; such as the air mass character as input to synoptic forecast or specialised storm
warning systems, (c) the local or regional weather of relevance to an air quality management system, or (d)
special atmospheric features at any scale as part of research studies. The spatial and temporal scales and focus of
these objectives are very different so it may be that the combined observational requirements cannot be met at a
single site.
• settlements are dynamic - land uses change over time. Consider a site, established in the park-like grounds
of a town hall a century ago, but subsequently has been moved from one spot to another as new buildings take
precedence. The station is now lucky to have a place next to a parking Jot and a tall building. Later it may be
moved to the top of the building. Hence its original conformity with WMO guidelines for exposure has been
eroded.
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•
lack of understanding of micro- and urban climates - most meteorologists are trained to focus on synoptic or
regional scale objectives, few appreciate the variations that occur at smaller scales, or the structure of city
climates.
•
avoidance - the complexity of the urban system and the complications associated with working within an
array of tall buildings and trees causes many meteorologists to ignore cities or to tum to modelling ( 1).
SCALESANDPATTERNSOFURBANCL~ATE

It cannot be over-stressed that understanding urban climates (and observing them) is critically tied to notions of
scale and boundary layer development, as illustrated in Figure 1. At the smallest scale, that of individual
elements, each building, tree, road, etc. creates its own microclimate. Because the city usually possesses
repetitive structures, such as building lots and streets, these elements are recombined into larger microscale
climate units such as street canyons which generate their own features, e.g. cross-canyon vortex flow (Figure
lc). These features exist beneath roof-level, so in analogy with plant stands this layer is called the urban canopy
layer (UCL). A larger neighbourhood comprising several street canyons plus their intervening buildings, gardens
and courtyards creates a local scale climate which extends horizontally, but is restricted to the UCL (Figure lb).
The influences of each element also extend above roof-level as a jumbled set of plumes and wakes in the
roughness sublayer. Due to the mixing of turbulence these eventually merge to form a more horizontally
homogeneous surface layer in which micrometeorological theory for extensive homogeneous surfaces applies
(Figure l b,c). If there are distinct urban terrain zones (i.e. areas of different physical character, such as the type
and density of buildings) in the city, new internal boundary layers will form at each zone border. These are
mixed together to form the urban boundary layer (UBL) of the whole city. This is a mesoscale phenomenon
within which the air shows the integrated presence of the city.

Figure 1: Idealised vertical
structu re of the urban atmosphere
over:
(a) a whole city (mesoscale),
(b) a single urban terrain zone
(local scale), and
(c) a single street canyon

microscale). Source: (5)

The structure illustrated by Figure 1 looks complicated, but it reveals three essential scales of importance to most
climate station networks:
•
the micro- and local scale of the UCL - within this layer there are many subclasses of climates, each
determined by the physical character of the surface and its immediate surroundings. The climate of a single
building or single street may be identifiable. This is the source of the nightmare for the person who has the
responsibility to locate a single station. Every surface component (hot road, sheltering tree, shading building)
threatens to swamp the readings. However, if particularly anomalous elements can be avoided, it is often
possible to find areas of sufficiently similar character (say within one type of urban terrain zone (UTZ); (6), and
of sufficient horizontal dimensions (a circle of about 0.5 km around the site), that a representative UCL climate
station can be established. 'Anomalous' in this context means an elem~nt that is sufficiently close and generates
a strong climatic effect so that it skews the results relative to the local mean. This would be a local scale climate
in the UCL.
•
the local scale of the surface layer - in addition to observing local climate in the UCL, as above (which is
still fraught with microclimatic difficulties) a more stable local climate response can be observed in the surface
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layer. Only a restricted range of measurement heights exists (see below), but if these limitations are met, data
representative of the local scale zone can be gathered. However, a concern may be that the results apply to a nonstandard height. Achieving a more stable spatial average comes at the price of muting the surface effects seen in
the UCL.
• the mesoscale of the UBL - if characteristics of the mixing layer in the UBL can be monitored the integrated
effects of the whole city can be expressed in their contribution to the downwind mesoscale urban plume (Figure
Ia).
The spatial patterns of these climates are distinct. For example, the well known change in air temperature at
screen-level in the UCL, known as the urban heat island (UHI), has a steep gradient at the edge of the city, but
the distribution is much flatter over most of the rest of the urban area except for relatively 'hot' and 'cool' spots
in particularly densely b~ilt-up (high rise, narrow canyons) or open and/or vegetated (parks, vacant land) areas,
respectively. Again, one must remember that the nature of UCL climates is dominated by the immediate
surroundings, not distance from the edge or the centre. Knowledge of these patterns is essential if we wish to
sample appropriately with a station network. Presumably if only a single urban station can be installed the choice
is between an urban core location, where the 'maximum' urban effect occurs, or a site in the thermal plateau
region, well away from edge or 'hot' or 'cool' spot effects. If multiple stations are available it must be decided if
the aim is to sample all urban terrain zones or to faithfully represent the spatial pattern. If it is the latter this will
require stations in all zones, but also at sites positioned to show the gradients across the city. Since the patterns
in small settlements are miniature versions of those in large cities Munn (7) notes that it may take almost as
many stations to portray the pattern of the UCL climates in a small city as for a large one. Similar patterns are
found for humidity. It seems arguable that wind and precipitation measurements in the UCL are sufficiently
open to micro-variability that it may be better to sample them only above roof-level. In this case distance from
the urban-rural border, and transitions in UTZ, are more relevant because of changes in surface roughness. For
radiation measurements anticipated patterns of air pollution and cloud may be significant.

GUIDANCE FOR LOCAL MEASUREMENTS
Let's look at considerations which face establishment of a standard climatological station at a site within a city.
That is, we are looking at the advice provided to someone installing a station to measure air temperature,
humidity. wind speed and direction, precipitation and perhaps radiation, soil temperature and evaporation.

1. Choosing the site
The question of where to locate within a city's limits, and in which UTZ, relates to the purpose of the station.
Therefore decisions should be based on recognition of the spatial patterns of urban climate, and whether the
station is solitary or part of a network. Once the UTZ and part of the city are chosen the next criterion is
homogeneity; i.e. to locate in a part of the zone, that is reasonably representative of its surroundings. At this
stage is helpful to draw up first order descriptive statistics of the area, such as the mean height of the up-standing
elements (buildings and trees}, and the dimensions of the spaces between them (gardens, courtyards, streets).
From these measures a simple list of typical characteristics of the zone can be drawn up. perhaps in terms of
normalised measures such as mean height, height to width ratio, and the ratio of built:greenspace area. This helps
to develop a notion of typical exposure in the zone and provides objective scales so that potential sites can be
ranked. Recognising that in the end you can only site where the opportunity/permission exists, at least you gain
some idea of how fair the representation might be. What is different about this thinking, compared to that
normally required, is that the essential notions of an "open" or unobstructed site are abandoned in favour of
representativity. Failure to exercise this judgement leads to quite nonsensical stations. A common example is the
grassed park site in the core of a large city- such a site is an anomaly for the city, in fact it doesn't take a very
large vegetated park to create a climate which is thermally similar to the rural environs (8).

2. Site layout and instrument exposure
Once the site is chosen, the layout of the station, and the placement of the instruments, should be governed by
existing WMO and/or national Guides where possible, but again some bounded flexibility is useful. For
example, the standard short grass surface may be appropriate if the UTZ is one of open-set houses with gardens
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and roadside verges, but this tenet should be relaxed to accommodate artificial surfaces as the built:greenspace

ratio increases. Similarly the size of the plot, and the rules regarding how many multiples of obstruction height a
given instrument must be away from an obstruction, should be relaxed for certain measures. For example, if the
local climate of a city core is wanted, and the typical height of buildings and trees (zH) is say 20 m, it is difficult
to find a site which allows for 2zH in all directions for temperature and humidity, worse for the 4zH required for
precipitation and almost impossible to get IOzH for wind. What is more important in siting the instruments is to
reflect the typical dimensions of the spaces within the UCL, so as to preserve some notion of the local ratio of
element height to inter-element spacing (W) - the aspect ratio (zHfW). After that the station should be centred
within the space, i.e. at approximately W/2. This may be acceptable for temperature and humidity, but almost
certainly not for wind or precipitation (see below). On the other hand, whilst the rules for surface type and
distance from obstruction may have to be relaxed, or at least re-specified, those regarding micro-scale influences
to be avoided (e.g. "excessive human traffic", "vehicle parking areas" and "where heat is exhausted by vehicles
and buildings") may have to be specified much more carefully.

3.

Developing guidelines for individual climatological elements

If new guidelines are to be formulated at the local scale the following may be relevant:
•
temperature and humidity - normal screen-level exposure seems appropriate, with modifications along the
lines mentioned above (i.e. regarding relaxation of surface character and distance from obstruction guidelines for
non-urban sites). Some relaxation in the recommended height may also be necessary to avoid vandalism and
human or vehicular traffic. Since the height variation of these properties in urban canyons is relatively slight (9)
this may be acceptable. Sensor shields should include protection from sources of infrared as well as solar
radiation.
•
soil temperature - few climate stations include this quantity. Urban sites certainly present sampling
difficulties for shallow depths because of the wide variability of surface covers, but deep soil temperatures
should not be over-looked. At depths of say 0.5 m and greater the integrated heat island of the city can be seen.
Long-term trends in soil temperatures may in fact provide.better insight into urban thermal modification than the
air temperature record.
•
grass-minimum temperature - few stations gather this quantity in cities. Given that grass may be irrelevant
to some parts of the city this is understandable, but the less commonly gathered concrete minimum temperature
has interesting applications in highway meteorology and building climatology.
•
wind speed and direction - UCL wind climate in the vicinity of trees, and especially buildings and streets,
is far too complex and erratic (10) to be monitored as part of a standard network. Except in areas of small zH (say
< 4 m) using the international standard height of 10 m for measurement will not give acceptable results in cities.
However, variability of wind components decreases upwards through the roughness sublayer, and returns to
values typical of adjusted boundary layers in the surface layer ((11) and Fig. 1a,b). Guidelines should therefore
indicate that the minimum height for wind measurements is the top of the roughness sub layer, and give methods
to predict its height. In very crude terms it is about 2~ to 4 times ZH, but it also depends on the spacing of the
roughness elements (see 12). The maximum height of measurement is limited by the distance from the nearest
upwind UTZ boundary. Therefore fetch distance and source area dimensions are also relevant to the choice of
location within the city (seel3). Given the inherent differences of ZH and building density between and within
cities, wind observations may have to be conducted at different heights at different sites. Standardisation to a
single height, say 30 m, is a simple calculation using wind profile theory. The nature of the supporting structure
is also critical to wind measurements. Even open lattice towers distort the flow in their vicinity, so use of solid
masts, chimney stacks and booms on buildings raises serious concerns which must be addressed in urban
guidelines. We are all aware of anemometers mounted on masts atop tall buildings; they are open to serious
errors. Measures of gustiness and the standard deviation of speed and direction may be especially important to
air quality and wind engineering applications in cities.
•
precipitation - except in the most open of UTZ, observations of precipitation in the UCL are open to many
of the concerns noted for wind, because they are subject to the chaotic airflow. In order to reduce spatial
variability in catch, consideration may have to be given to exposing rain and snow gauges near the ground at an
open space which meets or approximates the standard exposure guidelines, even if it is not co-located with the
screen. Exposure at a similar height to the anemometer, might be contemplated but: (a) this means the speed of
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catch is greater than near the ground and gauge efficiencies are sensitive to this, (b) interception by the sides of
buildings and trees is not accounted for, and (c) even automated elevated gauges present difficulties of
maintenance. Due to drifting, snow accumulation on the .ground presents a knotty sampling problem, at least as
difficult as that in forests. The measurement of rate of precipitation, in addition to total accumulation, is valuable
especially for urban hydrologic applications.
•
radiation and sunshine - measurement of incoming radiative fluxes in the city present little problem.
Exposure requirements are met by mounting on the roof of a tall building as long as the horizon is free of
obstruction. On the other hand, measurement of upwelling and net fluxes, which require that the sensor 'see' a
representative sample of the reflecting or emitting surface, must be made from a tall tower. Height above ground
is important as a detenninant of the radiative source area. If an appropriate observation platform is available
good estimates of the radiation balance and its components can be made. Soiling of the sensor windows by
pollution necessitates mo~e frequent maintenance.
•
evaporation - it is unlikely that meaningful observations of urban evaporation can be made using pans due
to (a) the variability of winds, (b) microscale advection of heat from built surfaces which boosts evaporation
beyond potential rates, and (c) it is unlikely that sensible pan coefficients exist to cover the range of possible
urban surroundings.

4. Accommodating changing urban Conn
To be flexible the long-term observation scheme for an urban site must recognise the dynamic nature of a city's
structure over time. Initial site selection should take care to avoid a site where massive change is already slated,
but it may not necessarily be a good idea to be certain it will not keep pace with changes around it. If, some time
after establishment, clearly unacceptable change renders the site either unable to gather sensible data or makes it
anomalous for its urban terrain zone (UTZ), relocation should be considered a reasonable solution, not
something to be fought without thought. Naturally potential sites for relocation should be in the same UTZ, and
not subject to different local or mesoclimate controls because of different relief, proximity to water bodies, etc.).
The key to this must be a strictly-adhered to protocol concerning the documentation of metadata. The metadata
archive must be kept up-to-date on a reasonable schedule (say annually), and should include: exact co-ordinates,
elevation, dimensions, maps and photographs of the surroundings, the form of the local horizon, surface
materials, tree species, human activities and heat sources, etc. as well as the descriptions of the instruments their
calibrations, height above ground, exposure, recorders and software. Such simple and inexpensive
documentation is invaluable to all who subsequently wish to make use of the data.

ON THE PRESSING NEED FOR URBAN STATION GUIDELINES
Soon, more people will live in cities than anywhere else. For that reason alone meteorological services have a
major responsibility to focus more on the needs of city dwellers, especially those in the rapidly urbanising
tropical world. At the 12th World Meteorological Congress in Geneva, and subsequently at Habitat II in Istanbul,
WMO committed itself to give high priority to the delivery of better services to cities. If that is to be meaningful,
more and better urban observing stations will be required. But before National Meteorological Services invest in
this infrastructure it seems imperative that the poor state of measurement practice at the stations we already have,
be addressed, and that we develop guidelines for what might be called the representative urban climatological
station.
This suggestion is not without precedent. As long ago as 1975 WMO circulated a questionnaire to discover the
state of the art of urban observation and the need for guidelines. At the conclusion of his report Van Gysegem (1)
stated: "before definite guidelines can be given more research is necessary". He suggested that topics needing
more investigation included: coupling between the UCL and UBL, radiation, energy, mass and momentum
exchanges and balances, quantification of the nature of urban surfaces, humidity, vertical structure of the UBL,
averaging times, cities in low and high latitude climates, errors of exposure, representativity of data in specific
land-use areas, measurement errors due to sensor response in the turbulent urban atmosphere, and the
development of new low cost instruments and data processing systems. In the 20 years since that review and
recommendation urban meteorology/climatology has made tremendous strides. Reviews of the field document
that significant advances in the base of physical understanding and model development have been made (e.g. 14
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- 17). Together with the improvement and automation of instrumentation in general there seems no doubt that
Van Gysegem's concerns have been met. The need for guidelines has been restated. In 1982 an Expert Group
reconunended "there is need for WMO to define an urban climatological station as well as [to] specify [the] type
and progranune of observations, instrumentation, exposure and observational practice" (18). Further, in 1997 the
Taskforce on TRUCE reconunended the preparation of an "Urban Climate Study Guide" ( 19).
In some respects the measurement of air pollutants poses greater difficulties than for meteorological elements,
but because this is clearly an urban question the need to devise urban guidelines for networks and sites has been
greater, and progress has been better (e.g. 20,21). The meteorological conununity should draw upon this work.
In my view the fields of urban meteorology, climatology and hydrology now contain sufficient knowledge about
the physical basis of urban atmospheres, and the technical requirements for measurement, to formulate useful
and much needed addenda to the existing Guides to observing practice in their respective fields. If such a
reconunendation is acted upon, a significant challenge in the process of formulating guidelines will be merging
the bedrock concept of standardisation, with the physical reality of the ever-changing physical nature of cities.
But as Van Gysegem (1) pointed out "there is no obvious reason why there [has to] be a unique solution".
Maintenance of .rigorous principles of measurement is not incompatible with recognition that the system being
observed changes over time. ·
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ABSTRACT
A three-dimensional atmospheric model is used for modelling the internal boundary layer (IBL) evolution. The
model takes into account the influence of sea-land temperature difference according to the observed
meteorological data at several base stations in the modelled domain. It is found that the modelled results are in
agreement with the observed IBL evolution. The reason for the discrepancies between the observed and
modelled IBL heights is also discussed.

INTRODUCTION
The internal boundary layer (IBL) height is an important parameter in the coastal air pollution study. A number
of slab models have been used to provide the physical approaches to the prediction of the IBL evolution in many
coastal areas and have proved to be very promising in this aspect (1), (2), (3), (4). Although the slab model can
be applied for predicting the IBL growth under the selected wind direction in Hong Kong (5), it is necessary to
formulate a more general numerical model for the IBL evolution due to the complex coastline and numerous
islands over Hong Kong region. Levitin and Kambezidis used a two-dimensional boundary layer model to
predict the IBL growth, and the modelled results were in good qualitative agreement with the observed TIBL
depths (6). The physical processes that govern the development of the IBL are mechanically and thermally
generated turbulent kinetic energy (TKE) within the layer, entrainment and subsidence aloft, and mesoscale
advection through the layer (4). Batchvarova et al. have used the CSU-RAMS model for predicting the IBL
growth in the Lower Fraser Valley of British Columbia, Canada, and found the model performed reasonably
well. Also, it has been found that the success of the model relies on the correct reproduction of the local wind
field (4), which particularly affects inland fetch near the coastline. Complicated structure of the coastline and of
the complex terrain with numerous hills leads to a correspondingly complex spatial structure of the wind field in
Hong Kong. A three-dimensional model and a MASS diagnose model have been used for investigating the wind
field structure in Hong Kong area to illustrate its complexity (7, 8). Due to the different land uses and intense
urbanization with high buildings and dense population in many sites in Hong· Kong, thermally generated
turbulence is another important factor causing non-uniform development of the IBL.
In this paper we use a three-dimensional model to describe the development and spatial variation of the internal
boundary layer. Results from the simulation are compared with lidar observations.

THREE NUMERICAL MODEL FOR THE ffiL
In order to consider the complex topography with numerous hills, the terrain-following co-ordinate system is
adopted in the three-dimensional atmospheric model:

z-z
z=H--8H-z,
where

(1)

z1 is the topography height; z is the vertical co-ordinate in a Cartesian coordinate system; z

is the height

in terrain-following coordinate system; H , the top of the modelling domain.
The governing equations for the mean wind components, u and v; potential temperature, 8 ; turbulence kinetic
energy (TKE), e; the continuity equation, hydrostatic equation can be written as (9), (10),
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Where

n = Cp( pi p 0 /

1

cP is the Exner function of the pressure, p 0 = 1000hpa; a, B1 are empirical

parameter; l , the mixing length; g , the acceleration due to the gravity; w , the vertical velocity in (x, y, z ) coordinate system,
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The turbulent dispersion terms

Fu , Fv, F9 , Fe

(8)

can be written as,

(9)
where 41 indicates u, v and 8 . K H and K z are horizontally and vertically turbulent diffusivities for
momentum, respectively. K 9 , the diffusivity for heat; K 9 , the diffusivity for the turbulent kinetic energy.
MODELLED DOMAIN AND INITIAL CONDITIONS
In order to better understand the three-dimensional spatial structure of the IBL evolution over Hong Kong area,
the vertical grid size is taken as the order of one hundred meters. The modelling domain includes the entire Hong
Kong area as shown in Fig. l, which is divided into 135 x 96 grids with the grid size of 500 m x 500 m.
More detail about the synoptic background and observational data can be found in Liu et al (5). The initial
vertical profiles, u0 ( z) , v0 ( z) and 80 ( z) , are derived from the radiosonde data measured in Hong Kong
Observatory. Due to the complex underlying surface in Hong Kong with numerous hills and urban area, it is very
difficult to simulate the surface temperature by soil-atmospheric model. Therefore, the temperatures at the first
layer above the surface are derived from the direct measurements from several base stations at 10m according to
the surface characteristics. The sea surface temperatures are also obtained from the measured data two times a
day. The Simulation starts at 0800 LT (0000 UTC) on March 31, 1999, and ends at 2000 LT (1200 UTC). The
modelled results at 1400 LT (0600 UTC), 1500 LT (0700 UTC) and 1700 LT (0900 UTC) are provided.
Although the model in this study is not commonly applied to prediction of IBL growth, the IBL height can be
derived from the vertical profile of TKE (4 ). When the vertical distribution of the order of one hundred metres is
used, detailed structure of the three-dimensional TKE field within the boundary layer can be resolved. The TKE
budget is decided by advection of the TKE by the mean wind, buoyant production or consumption, mechanical
(shear) production, the turbulent transportation of the TKE, and dissipation within the boundary layer. In
comparison, there is negligibly small TKE value above the boundary layer, leading to an obvious difference in
the TKE values that can be used for determining the IBL height from the TKE profile. By defining the critical
value of TKE, the top of the internal boundary layer can therefore be identified.
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Figure 1. Topography map of the modelling domain of Hong Kong
(1 grid size = 500 m x 500 m; * indicates the lidar. observation site)

M ODELLING RESULTS
There was plenty of sunshine during the whole day with clear sky conditions. At 0800 LT, there was a weak
background wind field with the mean wind speed of less than 2m/sin the low level. The model starts at 0800 LT
with the wind field initialized by the measured wind profile in Hong Kong Observatory at 0800 LT. Figure 2
shows the simulated wind field structure at 10 m, and the measured wind directions in the base stations. The
modelled wind field is in generally good agreement with the observational data. The comparison confirms that
the modelled wind field features are correct in the model. Due to the complex terrain with numerous hills, the
wind field gives a complex structure with several wind branches and shear zones. It can be seen that the wind
branches from the easterly, southerly and westerly directions meet in the different parts in the land, giving rise to
different confluence zones. Therefore, it can be deduced that the complex three-dimensional wind fields can give
rise to the three-dimensional IBL structures. From our numerical simulations, the mechanically generated
turbulence contributes significantly to the IBL growth due to the complex terrain. Moreover, the change in the
wind direction makes the inland fetch change significantly, leading to the variation of the IBL heights.
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Figure 3a, 3b, and 3c present the

three-dimen~;ional

distribution of the IBL height over the entire Hong Kong

area at 1400 LT, 1500 LT and 1700 LT, respectively. Due to the onshore flows are from different directions, the
inland fetches change significantly from one direction to the other, which leads to the complex the IBL height
growth.
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Figure 3. The spatial distribution of the IBL height at 1400 LT (0600 UTC) (a), 1500 LT (0700 UTC) (b)
and 1700 LT (0900 UTC) (c) over the entire domain. (I grid size= 500 m x 500 m)

Figure 4 shows the two-dimensional spatial variation of modelled internal boundary layer height (solid line), the
measured height from the lidar along the defined line indicated in Figure I. The agreement between the model
simulations and the measurements of lidar is generally good especially at 1400 LT and 1700 LT although the
effect of the large-scale subsidence is not specially considered in the three-dimensional model. Also, it is found
that the IBL height increases significantly over the hilly areas although the heating effect is much less than over
the low urban area. It is obvious that the mechanically generated turbulence greatly affect the IBL growth. Over
the hilly regions, the mechanically generated turbulence contributes significantly to the IBL growth. Therefore,
the effect of the mountains cannot be ignored. Some evidence shows that only when the IBL height is much
larger than the height of hills, the effect of the hills can be ignored (2). Compared to the results of the slab model
(5), the prediction of the IBL height growth has been improved greatly by using the numerical model due to the
model can reflect the effect of the mechanically generated turbulence over rough underlying surface. In addition,
because the fine grid size of 500 m x 500 m is adopted, and is fine enough to resolve the meso-meteorological
characteristics, the model can produce the vertical air movement caused by the complex terrain enough well to
improve the prediction of the internal boundary layer.
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Figure 4. The spatial variation of the modelled IBL height growth (solid line), the measured height of the
lidar (triangle) along the defined line in Fig. 1 at 1400 LT (0600 UTC), 1500 LT (0700 UTC) and 1700 LT
(0900 UTC), respectively
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DISCUSSION
To a great extent, the accurate reproduction of IBL evolution relies on the accurate reproduction of the local
wind field and the surface temperature filed. Meanwhile, the inflow condition should be taken into account
carefully because it is another important parameter influencing IBL growth.
Complex wind field structures can be reproduced with a three-dimensional atmospheric model with a fine grid
size of 500 mx 500 m. Compared with the observed wind data in the base stations, it was found that the model
reproduced accurately the wind field structure, which is crucial for the prediction of inland fetch. Because of the
complex heating of the underlying surface with the different land uses and the urbanized areas distributed in the
different sites in Hong Kong, it is difficult to simulate surface processes. Therefore, the use of air temperatures
measured in base stations enabled the model to reproduce the thermal turbulence reasonably well. Meanwhile,
the inflow condition derived from the radiosonde can greatly ensure the IBL growth rate. In future studies with
this model, the inflow condition should be measured. Also, an urban boundary layer model should be coupled
with the model to predict the IBL height in future.
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ABSTRACT
In order to investigate the convective heat transfer from the constituent wall surfaces of urban canyon, field
measurements were performed on the heat transfer coefficient and tho wind speed near the wall surface. A linear
relationship between the heat transfer coefficient and the mean wind speed near the wall surface was found
irrespective of solar irradiation. The profile of mean wind speed near the wall surface was related to the
above-roof wind speed and direction. A numerical analysis on the energy balance in an urban canyon was carried
out on the basis of these results and the measured data of the energy balance in the field. In the daytime, the
amount of the stored heat in the canyon was much larger than that at the roof surface. ·In the nighttime, the large
amount of the heat release in the canyon could be recognized because of the heat storage in the daytime.
INTRODUCTION
The thermal structure of the urban atmosphere is dominated by heat transfer in the surface boundary layer. The
basic surface unit for urban areas is considered to be an urban canyon typically made up of concrete buildings
standing face to face with an asphalt road between them. Field measurements of the heat transfer in an urban
canyon running from east to west were performed both in summer and winter [1]. The heat transfer was
represented by the energy balance at an imaginary surface called the top surface, which was a plane positioned
above the canyon at the same level as the roof surface. The heat transfer by radiation, convection and conduction
balances in an urban canyon. In order to the convective heat transfer on the constituent surfaces of urban canyon,
it is important to make clear the relation between the heat transfer coefficient and the wind flow near the surfaces in
the field. In addition, if the relation between the distribution of the wind flow near the surfaces and the wind flow
over the roof is made clear, it is possible to obtain the profile of the heat transfer coefficients by using the data of
the wind flow over the roof and the information of the urban canyons such as the aspect ratio etc.. It is desirable
that an energy budget for urban canyons including the component of the convective heat transfer is evaluated by
the meteorological data over the roof.
In the present study, firstly, field measurements were performed to investigate the convective heat transfer from
the constituent surfaces of urban canyon. In addition to the conventional method, a new method using a
transparent glass plate was proposed to measure the heat transfer coefficient at the constituent surface exposed to
direct solar irradiation. The naphthalene sublimation method was applied to the multi-point measurements of the
mean wind speed near the surface. Secondarily, a numerical analysis on the heat transfer in urban canyon was also
carried out on the basis of the measured data. The characteristics of the energy balance of urban canyon were made
clear by comparing the calculated results at the top surface and at the roof surface.
SURFACE HEAT TRANSFER IN URBAN CANYON

Measurement method
In order to estimate the convective heat transfer in urban canyon, the heat transfer coefficients at the constituent
surface were measured by the conventional method using a heat flux plate at nighttime or cloudy daytime. The
data were analyzed in connection with the wind flow near the surface. A new method using a transparent glass
plate was proposed to deal with the surface exposed to direct solar irradiation. Figure 1 shows the experimental
system for the measurements of heat transfer coefficients at the vertical wall. These values were obtained by
solving the energy balance equation at the surface of a heat flux plate or a glass plate. The wind flow was
measured by a three-dimensional hot-wire anemometer placed 0.5 m from the wall. The components of incoming
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radiation were measured by a pyranometer and a pyradiometer. The solar reflectivity of the heat flux plate was
0.37 as the previously measured data and the emissivity was assumed to be 0.95. The glass plate was transparent
for solar radiation and was regarded as a black body for far-infrared radiation. The air temperature was measured
by using double shielded and aspirated thermocouples at a distance of 0.5 m from the wall surface. At night or
cloudy daytime, the conductive heat transfer was conventionally measured by a ready-made heat flux plate
(75 x 75 x 0.7 mm). The surface temperature was measured by a thermocouple. When the measured surface is
exposed to direct solar irradiation, the absorbed solar energy is predominant and the heat transfer coefficient is
significantly influenced by a small error in the measurement of solar radiation. It is also a problem that there is a
large difference in surface temperature between the wall and the heat flux plate. Then, the glass plate was used
instead of the heat flux plate. The transmitted solar irradiation was absorbed at the back surface. The outer surface
temperature was carefully obtained from the back surface temperature and the temperature difference between the
two surfaces, which were measured by the thermocouples of diameter 50 J.Lffi. The conductive heat flux was
determined by numerically solving the one-dimensional heat conduction equation in the glass plate. The glass
plate (200x 200x 5 mm) was set in a styrofoam board (800x 800x 10 mm) to decrease the influence of the
unevenness of the thickness of the glass plate.
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The wind speed near a vertical wall, u was estimated along the wall as a function of the wind speed and direction
above the roof by applying the naphthalene sublimation method. The values of u were roughly obtained from the
measured mass transfer coefficients. This method is necessary to keep the partial pressure of naphthalene constant,
and then cannot be applied for the walls exposed to direct solar irradiation. Figure 2 shows a set of the
measurement system for the profile of wind speed near a vertical wall. A card board and a magnetic rubber sheet
(50x 50 mm) were stuck together and the unit was put on the steel plate. The slender aluminum plates 0.25 min
length were stretched between two ropes at interval of 0.5 m. The measurement system were exposed to the open
air for 30-40 min. The mass changes were obtained from the measured data by a balance before the installation of
the ladder and after its removal. The wind tunnel tests were carried out to verify the relation between the mass
transfer coefficients hv and the wind speed in the steady wind flow. After then, field measurements were carried
out to determine the relation hv and the wind speed near a vertical wall, u. The air temperature and the wind flow
were simultaneously measured at a height of 1.5 m and 7 m above the roof , respectively.

Results and discussion
Figures 3 (a) and (b) show the mean heat transfer coefficients of 10 minutes, a by using a heat flux plate and a glass
plate, respectively. These values of a in Fig.3 (a) change linearly with the wind speed near the surface, u. The
symbol O's' indicates the fluctuation of the wind speed, namely the turbulent intensity. The mean value of O's' was

456

NUMRICAL ANALYSIS OF HEAT TRANSFER IN URBAN CANYON

Physical model and calculation method
Figure 5 shows a physical model for heat transfer in a two-dimensional urban canyon. The windows are uniformly
distributed and the rate is 30% of the walls. The latent heat transfer is not considered in the present analysis. The
.weather is fine without clouds. Figure 6 shows the heat-flux components at each surface. K and L are the solar
radiation flux and the infrared radiation flux, respectively. Qg and Qh are the conductive heat flux and the
convective (sensible) heat flux, respectively. The symbols t and .J.. indicate the directions outward and inward
from the environmental surfaces, respectively. The respective directions of heat transfer shown in Fig.5 indicate
the positive values of the heat fluxes. In the case of the net radiation flux Q•, the direction for positive values is the
same as for K .J.. and L .J.. • The energy balance at each surface can be expressed by the following equations.

=(1-r) K .J.. + t(L .J.. where r,

e,

coefficient.

4
o'I's,out ) +A. (Of/ {)z )z=O + a(Ta,out- Ts,ouv

=0

[2)

a indicate the reflectivity, the emissivity, the thennal conductivity and the heat transfer

~. and

a, Ts,out and Ta;out are Stefan-Boltzmann constant, the outer surf~ce temperature (z=O) and the outer

air temperature. The positive direc~on of z is assumed to be the direction toward the inside from the outer surface.
The horizontal thennal conduction is negligible compared with the other component of heat transfer.
~
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Figure 5: Physical model for heat transfer in urban canyon.

Figure 6: Energy balance at the surface.

The constituent surfaces of the canyon are divided by several sub-surfaces of 1 m in length. The temperatures,
Ts,out are obtained by solving the equations for the energy balance expressed by Bq.(2) and the unsteady

conductive heat transfer under the sub-surfaces.· The daily variation of the heat-flux components Q • , Qg and Qh
can be taken at each sub-surfaces, after 6 days of the preceding calculation. Finally, the energy balance at the top
surface is evaluated by the integration over all sub-surfaces. The characteristics of the energy balance of urban
canyons are made clear by comparing the calculated results at the top surface and at the roof surface. The time step
is lO minutes.
The radiation fluxes, K .J.. and L.J.. are given at the roof surface as the standard condition in Japan. The solar
radiation flux in the canyon can be obtained under the consideration of the multiple reflection. The reflectivity is
0.2 except for glass of the windows and the emissivity is 1.0. The wind speed, Vr and the direction are given over
the roof surface. The heat transfer coefficients, a at the outer surfaces are estimated from the wind velocity and the
direction based on the results of the former chapter. The combined heat transfer coefficients at the room surface
-2 -1

are given a constant value (=8.0 Wm K

). The air temperatures, Ta,our, Ta,room and the soil temperature at a
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depth of 0.5 m, T8 are given as the boundary conditions. The outer air temperature, Ta,out is considered to be
uniformly in the canyon and over the roof [1]. Ta,room and Tg are 299 Kin summer and 281 Kin winter. The
thicknesses of the wall and the window are 0.2 m and 5 mm, respectively. The thermal conductivity, A. is 1.5
-1 -1

-1

-1

.

-1

Wm K (0.65 Wm K for glass). The standard wmd speed, Vr over the roof surface is 2.0 ms in the daytime
1

and 1.0 ms- at night. The wind direction is south in summer and north in winter. The normal canyon is running in
an east-west direction, and the aspect ratio is 1.0.
Results and discussion
Figure 7 shows the comparison of the calculated results with the measured data [1] of the heat-flux components on
a fine day. The building height is 16m and the road width is 17m. The canyon continues sufficiently with a
long-axis in an east-west direction. Both coincide with each other, though the thermophysical properties of the
input data may be different from the actual values in the field. The heat transfer in an urban canyon can be
estimated by a numerical simulation using a simple physical model.
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Figure 8 shows the dependence of Qh !Q" and Q" (Top)/Q• (Root) on the above-roof wind speed and direction in
the daytime. The net radiation ratio, Q• (Top)/Q• (Root), approaches to unity, as the wind speed becomes large.
That is to say, the temperature difference between both surfaces becomes small. The values of Qh IQ• increases, as
the wind speed becomes large. Those values at the roof surface are more sensitive to the wind speed. The
influence of the canyon structure on the conductive heat flux is relatively recognized, though the wind speed
becomes large. As to the influence of the wind direction, Qh /Q • in the case of the south wind are larger than those
in the case of the north wind, because the south facing wall, where the convective heat transfer is active, is
windward. However, the difference is small, because the heat transfer on the road independent of the wind
direction makes an important role
Figure 9 shows the mean energy balance components in the daytime (10-16 h) and the nighttime (22-4 h). The
positive and negative values of the heat-flux components indicate as the incoming and outward fluxes, respectively.
The components are normalized by the incoming total fluxes at the roof surface. In the daytime, the convective
heat flux, Qh at the roof surface is larger than that at the top surface. The conductive heat flux, Qg , namely the
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energy storage term, has a reverse tendency. In the daytime, the infrared radiation flux, L t , namely the surface
temperature, at the top surface is smaller than that at the roof surface on account of the shade. In the nighttime, the
reverse tendency is recognized as for the surface temperature. The infrared radiation flux, L t and the conductive
heat flux , Q8 at the top surface are larger than those at the roof surface. In the winter nighttime, the roof surface
temperature is lower than the air temperature as shown in the sign of Qh. These results indicate that the lag of the
heat release remarkably appears because of the canyon structure.

o.err---=r===, - - - - ,
0.7

Roof

S\lmme.-

Top North

Daytime

In Out

In Out

Daytime

0 .6

..

~

0.5

In Out

Og,ytlme

Summ~r

Nighttime

Summer

Roof

Top

~;;

0
~0.4

0

In Out

Nighttime

1.4 -

...

0.3

1.3

°

0.2
0.1

1.1

ln Out

In Out

0 O.__..._,\_-'-_ _.__...._____JL.._.--'1.0

Daytime

Nighttime

2

3

Vr

4

5

Winter

N ighttime

Wlntvr

Top

Aoof

ms-T

I n Out

In Out
Oaytlm~

D~ITID~I::l·
K~

Figure 8: Qh /Q• and Q• (Top)/Q• (Roof) vs.
above-roof wind speed and direction

L•

K~

Lt

Qh

Qg

Figure 9: Seasonal comparison of mean heat-flux
components at roof surface with those of top surface.

CONCLUSIONS
•

•

The linear relationship between the heat transfer coefficient and the mean wind speed near the wall surface
consistently found irrespective of solar irradiation from the measured results in the field. The profile of the
mean wind speed was related to the above-roof wind direction relative to the wall.
The heat transfer in an urban canyon can be estimated by a numerical simulation. In the daytime, the stored
heat in the canyon is larger than that at the roof. In the nighttime, the lag of the heat release remarkably
appears in the canyon structure.
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SIMPLIFIED URBAN CLIMATE MODELS FROM MEDIUM-SCALE
MORPHOLOGICAL PARAMETERS
N. Baker and C. Ratti
The Martin Centre, University of Cambridge, Department of Architecture, CB2 2EB United Kingdom

ABSTRACT
A new paradigm for investigating the environmental consequences of urban texture is proposed. Using rasterbased models and software algorithms derived from image processing, efficient methods of measuring simplified
urban parameters are developed. These parameters allow the assessment of energy consumption and wind
penetration in urban areas. Moreover, they look promising candidates for simplified models of urban
microclimate.
l. INTRODUCTION

"The outdoor temperature, wind speed and solar radiation to which an individual building is exposed is not the
regional 'synoptic' climate, but the local microclimate as modified by the 'structure' of the city, mainly of the
neighbourhood where the building is located" (1). Although it is widely assumed that urban texture- the pattern
of streets, building heights, open spaces and so on - will determine environmental quality both in the buildings
and outside, this connection is rarely exploited in urban design and planning. This is partly due to the presence of
mutually exclusive objectives.
For instance, open geometry is conducive to air pollution dispersion and solar access, whilst compactness is
favourable for wind shelter and thermal energy conservation (2). Furthermore, environmental objectives are
different in different climates, so that there is no universally optimum urban geometry. Specific cases have been
investigated in the scientific literature: for instance, Oke (2) examined the behaviour of simple street layouts in
mid- or high-latitude cities.
This paper reports on the development of innovative image processing techniques which allow basic
investigation of the relationship between urban geometry and microclimate. In particular, the issues of energy use
in urban areas and the wind distribution are tackled.
2. WHY IS MICROCLIMATE IMPORTANT?
Whilst interest in urban microclimate continues to grow, it is important to question why we need to study it and
develop models for it. This is to ensure that the models can be developed with appropriate precision and with
appropriate inputs and outputs to match the kind of questions being asked.
Why is urban microclimate so significant? The broad answer is that 50% of the world's population will be living
in cities within the next decade and will thus be experiencing a climate that has been substantially modified. The
more detailed answer is that the microclimate influences health, comfort in outdoor spaces, and the use of energy
in buildings. This paper is concerned with developing simplified models that are primarily aimed at providing
information on energy use. The work described is part of the EU sponsored PRECis project (assessing the
Potential for Renewable Energy in Cities).
We can identify two categories of rnicroclimatic influence on building energy use - direct and indirect. Direct is
where, for example, a modification to prevailing air temperature leads to an increase in cooling energy in summer
and a reduction to heating energy in winter. For example, Santamouris (3) has estimated that the heat island
effect in Athens leads to an increase of cooling energy by almost 100% when compared with the surrounding
rural area.
The indirect case is where there is human behaviour in the chain of cause and effect. For example a noisy and
polluted street may make natural ventilation unattractive leading to the installation of through-the-wall airconditioners. Not only do these consume considerable amounts of electrical energy, but the condensers bathe the
building in a plume of hotter air, exacerbating the problem. Add to this the use of artificial lighting as a result of
overshadowing or poor shading design, consuming energy itself and adding to the cooling load, and the energy
use spirals upward. Moving outside the building, the hostile street climate renders public transport, cycling and
walking unattractive, prompting private car and taxi use - and so the problem escalates. These interactive effects
help to explain the wide variance in energy use (up to 20 fold) observed in buildings of the same use type.
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The example described above involves urban parameters other than those considered as strictly microclimatic.
Geometry, the morphology of the urban tissue, is common to almost all mechanisms. For example the orientation
and proportions of the streets will influence ventilation of the streets (and hence the pollution level), the
insolation, and the noise propagation. Morphological factors are at the core of this study and their derivation
from 3-dimensional maps is described in the second part of this paper.
We can see that energy use is influenced by a complex chain of cause and effect. The simpler relationships are
summarised in Table 1.

Table 1 -Effect of climatic parameters on energy use

Climatic parameter

Mechanism

Air temperature

HEATING: Conductive and ventilation heat loss
COOLING: Loss of free cooling, conductive and
convective heat gains at higher temps
HEATING: Useful solar gains
COOLING: Unwanted solar gains
HEATING: Convective heat loss
COOLING: Availability of nat. vent
Convective heat gains at very high temps
POLLUTION DISPERSAL: availability of nat. vent.
LIGHTING: Displacement of artificial lighting
COOLING: Availability of nat. vent.

Solar radiation
Wind

Sky luminance
Noise

Sense of correlation
+

+
+

+
+

All of the mechanisms above are affected by urban geometry.

3. THE URBAN HORIZON ANGLE
The next problem is. to quantify the impact of these mechanisms. Whilst we are some way from modelling the
interactive effects which involve human behaviour, models exist which are able to predict energy use for heating,
cooling and lighting, and which respond to certain urban morphological parameters - building plan and section
and the degree of overshadowing of one building by another.
For example figure I shows the impact of the mean elevation of the skyline from a building fa¥ade ('urban
horizon angle') on the annual energy use for heating, cooling and lighting for an office building in the UK. Quite
complex processes are occurring; in winter the south facade is deprived of useful solar gains thus increasing the
heating load, whereas the north facade is unaffected since the solar gains are insignificant. For summer cooling
energy the benefit is reversed but much weaker. Both orientations show a marked increase in lighting energy
demand, a fact probably recognised (but largely forgotten) as evidenced by various 'Rights of Light' planning
laws. What is interesting is that even without the human behavioural effects, urban morphology has quite a large
impact.
A refinement to this simple analysis would take account of the reflectance of the buildings, since this will
influence the penetration of daylight into the street canyon. But the mean reflectance of the city (albedo - a
familiar microclimatic determinant) is dependent upon both the surface reflectance and the surface texture. Thus
we see a complex interaction of urban parameters which effect energy use directly and via microclimatic effects.
For this reason we use the term microclimate loosely to include all physical attributes of the urban environment
which effect energy use.
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Figure 1: annual energy use for heating, cooling and lighting on the north and south fa~de for an office
building in the UK as a function of the 'urban horizon angle'; the curves have been derived with the LT
method (7).

4. THE 'URBAN POROSITY' CONCEPT.
Because we need to look at the urban performance at a scale larger than individual buildings we sought to
identify generalised morphological parameters. This has lead to what we have called the 'urban porosity concept',
which can be defined by the following principles:

2
3

that certain urban parameters (e.g. grain size, sky view, mean height) can be derived for an area of urban
tissue (as distinct from a point) and that these generalised parameters can be used to predict urban
microclimate and its effect on energy use.
to recognise that the urban tissue is a three-dimensional surface sandwiched between the ground and the
relatively undisturbed layer above the tallest buildings.
that the microclimate at any point is influenced by these urban parameters of the surrounding area with
an effect diminishing with distance, which may be directional due to wind effects.

5. DIGITAL ELEVATION MAPS AND IMAGE PROCESSING
The porosity approach demands a method for extracting these generalised urban parameters from areas of urban
surface significantly greater than a single building plot. A technique adopted in the previous project is the
analysis of digital elevation maps (DEMs) by image processing software.

What is a DEM?
The simplest possible representation of urban texture is a figure-ground map such as that shown in Figure 2. If
scanned, the resulting binary image tells us, for each pixel, whether it is built on, or open ground. If height
information is included we obtain what geographers call a Digital Elevation Model (DEM), which is an image
where each pixel has a grey-level proportional to the level of the urban surface.
A DEM of an urban area in central London is shown in Figure 3. For a general discussion of DEMs as
geographic surface models see (4). Ratti and Richens (5) have shown how urban form represented as aDEM can
be analysed with image processing techniques. A series of innovative algorithms to derive basic environmental
parameters was developed. Outputs include the shadow/sun condition of each urban pixel for a certain solar
geometry, the value of the sky view factors, etc (cf. figures 5,6,7).
The software used is NIH Image, a freely available image processing software (6). Many of the ideas in Image
should be familiar from popular image-processing programs. The difference is one of emphasis: standard image
processing programs are concerned mainly with visual appearance, whereas Image concentrates on measurement
and analysis. In addition, Image can be customised: users are allowed to code their own commands, using a
simplified form of Pascal.
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3)

4)

Figure 2,3,4: Urban ground map showing built and un-built areas (2), urban Digital Elevation ModelDEM (3) and axonometric plot (4) for a selected case-study in central London.
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Figure 5,6,7: Shadow volume (5), shadow results (6) and sky view factors (7) on the central London DEM.

Deriving LT parameters by image processing
Figures 8 and 9 illustrate the use of this technique to prepare data for the LT integrated energy model (the model
used to generate the curves shown in figure 1 -for a general description cf. (1)). Figure 8 shows the distance
from the fa<;ade (the parameter used to describe daylight and natural ventilation availability), and figure 9 shows
the orientation of the fa<;ade, required by the model to evaluate the effect of direct solar radiation.
The distance from fa<;ade can be calculated over extensive urban area by processing DEM images . The
algorithm, which is based on the shadowing macro developed in (5), is simple and impressively fast. The running
speed depends on the number of pixels in the image, but not on the geometric complexity. So it is feasible to
process acres of city at a time, something unthinkable with traditional geometric models.
Without entering into details, the DEM image undergoes iterative shifting in a certain direction. For each pixel a
value is stored, which represents the number of shifts before a discontinuity (fa<;ade wall) is encountered. The
minimum value for all directions (for instance 128) represents the distance from the fa<;ade. Built surface
orientation proved to be similarly simple to compute, by storing for each pixel the direction where the minimum
distance from the fa<;ade occurs.

6. WIND PENETRATION AND URBAN DIRECTIONALITY
The previous example dealt with the direct impact of environmental factors on energy use. We now describe the
application of the image processing technique to derive urban parameters that might be used to describe wind
flow and pollution dispersal.
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8)

9)

Figure 8,9: Distance from fa~ade (8) and orientation of built areas (9) on the central London DEM.

The main tool for studying periodicity and orientation in images is the two-dimensional Fast Fourier Transform
(FFT). This can be calculated easily with NIH Image. Results for the London case study are presented in figure
10. Although the primary orientations are distinguished in FFT plots, these are, in general, hard to interpret.
An alternative, measurement, of urban directionality can be derived in the following way. Thick cross-sections of
varying orientations are drawn over the OEM image. The average height is taken across the section, and then the
variance is measured along it. A section perpendicular to the street pattern would show a strong pattern of
troughs where the streets occur and have a high variance. A section oblique to the streets would have a much
flatter average profile and therefore lower variance.
The basic operation required for this analysis, averaging values over a deep cross-section of arbitrary orientation,
is a standard command in NIH Image. So it is quite simple to construct a macro which iterated over 64 or so
orientations, and for each defined a thick cross-section, measured its profile, and computed its variance. Finally,
the results are plotted as a polar diagram (cf. fig. 11 ), showing how the mean height variance varies with
orientation.
Clearing efficiency results measured with smoke-inundated models in the wind tunnel correlated significantly
with the mean height variance plot ( 11 ). Nevertheless, this approach presents some limitations, as it is not
sensitive, for instance, to horizontal scaling of urban texture.
A more sophisticated approach is based on analysing the distribution of the urban canyon height/width ratio
(H/W) on the OEM. In fact, the HIW ratio determines which flow regime is associated with the urban canyon.
For increasing H/W ratios changes occur from the "isolated roughness flow" to the "wake interference" to the
"skimming flow" (2). H/W ratios can be derived by adapting the above macro for calculating the distance from
the fac;ade to work with street spaces. For each pixel the tangent of the maximum obstruction angle in a certain
direction is calculated (cf. fig. 12, 13). Diametrically opposite values are added, and the maximum is taken. This
occurs when the orientation is perpendicular to the street canyon. Histogram for extensive urban portions can be
produced. If the simple mean H/W value is plotted against direction, a polar diagram is obtained (cf. fig. 14).

This presents the main features of the mean height variance plot, while having a stronger physical meaning.
A further facility offered by image processing is the application of a decay function. In any urban microclimatic
model, deciding the range of influence of the surrounding buildings tends to be arbitrary. In this approach a
decay function can be used to apply a diminishing weighting to the geometric characteristics as one moves away
from the point of interest.

6. CONCLUSION.
The paper has shown that it is possible to derive generalised urban parameters from the processing of digital
elevation maps. These parameters look promising candidates for simplified models of microclimate.
Microclimate influences energy use as well as the general health of the city. In addition, the morphological
parameters can be used to model directly the energy use of the building responding to climatic parameters such
as solar radiation, sky luminance and air movement. As part of the current work in PREC is these relationships
are being developed, using data from field measurements at case study sites, and modelled results using physical
and computer-based models.
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Figure 10,11: Fast Fourier Transform FFT (10) and 'mean height variance' plot (11 ) on the central
LondonDEM.
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Figure 12,13,14: Urban obstruction angle for azimuth a=90 (12) and azimuth a=45 (13); average height
over width H/W ratio plotted over azimuth (14) on the central London DEM.
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THE STRUCTURE OF THE ATMOSPHERIC BOUNDARY-LAYER WITHIN THE
URBAN ENVIRONMENT
S.D. Wright, L. Elliott and D. B. Ingham
The Environment Centre, University of Leeds, Leeds, LS2 9JT, England.

ABSTRACT
It is vitally important to understand the structure of the atmospheric boundary-layer within the urban environment
as it has a fundamental effect on the transportation of pollutants that are released within the urban canopy. Within
the urban environment the structure of the earth's boundary-layer is highly turbulent and diffusive, with
distinctive inner and outer regions. Within the inner region the flow is mainly influenced by the physical
characteristics of the terrain, such as the land use, whereas in the outer region larger scale phenomena need to be
taken into account. In this paper, novel mathematical methods are implemented to model the structure of the
atmospheric boundary-layer within the urban environment. These include a mesh refinement technique that
allows the larger scale topographical effects on the urban atmospheric boundary-layer to be taken into account,
yet still enabling fine resolution of the boundary-layer within the smaller scale of the urban environment. The
parameterisation of urban effects, including surface roughness, are included within the model through additional
drag terms within the Navier-Stokes equations, hence allowing the resolution of the atmospheric boundary-layer
within the urban canopy. A surface energy budget equation is solved to obtain a ground surface temperature using
a force-restore method. It will be shown that this method allows the diurnal and yearly variation of the structure
of the atmospheric boundary-layer to be accounted for within the model.

INTRODUCTION
The structure of the atmospheric boundary-layer in the region of an urban conurbation has many interesting
features compared with rural areas. The most frequently observed effect is the increase in surface and air
temperatures within the conurbation when compared to rural areas. Most cities are covered by large amounts of
concrete and water proof surfaces that have high albedoes and heat capacities which can store the incoming
radiation as sensible heat better then the surrounding rural landscape. Hence the surface air temperature within an
urban conurbation is usually warmer, peaking over the city centre, see Oke (1). The size of this increase in the
surface-layer temperature is related to the population of the city, with a larger city having a greater difference in
surface-layer temperature compared to it's surroundings, see Katsoulis and Theoharatos (2). However, these
temperature differences are modified by local weather conditions, see Mckee, Bader and Hanson (3), with the
local topography also playing an important role in determining the local flow dynamics.
The urban landscape also increases surface drag on the atmospheric boundary-layer inducing wake turbulence,
hence decreasing the local wind speed. Clarke et al. (4) observed enhanced turbulent properties within the urban
canopy, whilst Balling and Carveny (5) noted an increase in wind speed over the urban conurbation.
In the present work a numerical model is being developed that can determine the structure of the atmospheric
boundary-layer in the vicinity of an urban conurbation coupled with a graphical interface for ease of use. The
numerical model utilises two data sets
(i)

The land use cover map of Great Britain.

(ii)

The topography altitude map of the UK.

which are used to formulate the solution domain of the numerical model. The first data set classifies the UK into
26 distinct categories of land use at a resolution of 25m x 25m. Included within this data set are categories such
as 'continuous urban' and 'suburban' that enable the identification of any urban conurbation of interest within the
UK. This, combined with the second data set, allows the detailed structure of the topography at these specific
locations to be known and hence complex computational analysis can be performed in these regions to determine
the fluid flow structure of the atmospheric boundary-layer by using an embedded meshing technique.
Novel techniques are being implemented that allow the land use data set to be represented in the context of a
computational fluid dynamics model that enables the structure of the atmospheric boundary-layer to be calculated
within the urban canopy. This method is based on the technique of Lee, Shaw and Black (6) and Wilson and
Shaw (7) which involves a novel formulation of the Navier-Stokes equations to take into account building effects.
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To model the turbulence within the atmospheric boundary-layer either a modified k-e turbulence model or the
algebraic stress model of Rodi (8), allowing for non-isotropic turbulence, is implemented. Finally the forcerestore approach of Blackadder (9) is implemented to obtain a surface temperature which various on a daily and
yearly cycle.

METHODS
The equations of motion governing the fluid flow within the atmospheric boundary-layer are derived by
considering the conservation of mass, momentum and enthalpy (sensible heat), leading to equations (la), (lb)
and (lc) respectively,
V.u = 0

(la)

Du
p-=
+
[ Dt + 2Qxu
- -

(lb)

pcP

09
Dt

= -v.(k,V9-pcPu'9')
-

(lc)

+ V.R
--

where .!! is the mean fluid velocity, p the density of the fluid, g the acceleration due to gravity, 1 the fluid stress
tensor, - pu'u' the Reynolds stress tensor, 9 the potential temperature, cp the constant of specific heat, R the
=

radiative heat flux and k1 the molecular thermal conductivity. The final term in equation (lb), see Lee, Shaw and
Black (6), is the drag imposed on the mean fluid flow by the large roughness elements, i.e. buildings within the
urban conurbations, with Cd being the drag coefficient and 'a' the element area density. As the equations are
expressed in a rotating system, Q is the rotation vector of the Earth about the axis through the poles and lQL""
7.27xlo-s s·'. In order to eliminate inertial oscillations induced by a time-dependent geostrophic wind, Ya(t), the
rotation terms in equation (lb) are replaced with the formulation of Egger and Schmid (10).
2Qx!! + gx(Qx!) H 2gx(!! -!!,(t))

(2)

Although Blackadder (11) observed inertial oscillations in the atmosphere, Hoskins, Draghici and Davis (12)
showed that these are rarely induced by changes in the geostrophic wind and hence model results that show this
effect are spurious.
In order to model the Reynolds stresses and turbulent heat fluxes within the urban environment a sophisticated
turbulence model is required. Balancing the need for computational efficiency with a sufficiently accurate
representation of the turbulence fields within the urban environment an algebraic stress model is used (with an
option to use a modified k-e model). Following Rodi (8), the Reynolds stresses are parameterised as:
(3a)

where k and e represent the turbulent kinetic energy and rate of dissipation of turbulent kinetic energy,
respectively, and are obtained from solving the modified transport equations for these quantities, see Wright,
Elliott and Ingham (13). P;i• P = Pii, Gij and G = Gii are stress and buoyancy production terms and J3 is the
coefficient of thermal expansion. Following Gibson and Launder (14) the remaining correlations are
parameterised using
-,

u e =- k

-

9'2

[u'u'.,Y9+(1-c 29 )( u'9':Vu +

J3~9'2 )]

--------'------~

(c19 - 0.5)e + 0.5 (P +G)

= - 2R~u'9'.W
e- -

(3b)

(3c)

where the constants y, c" c 1e, c2e, c3 and R have been given the values 0.55, 2.2, 3.2, 0.5, 0.55 and 0.8
respectively.
In order to impose boundary conditions on equations (1) the logarithmic Jaw of the wall is applied at the lower
boundary along with a rigid lid upper boundary condition and a prescribed geostrophic wind vector. An average
surface roughness for the ground is calculated from the land use data set by averaging prescribed surface
roughness for 22 of the 25 categories. The other 3 categories, urban, suburban and forested areas are included
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directly within the Navier Stokes equations (lb) through the drag term. The ground surface temperature is
obtained by the force-restore method of Blackadder (9) where the ground temperature, T 8, is given by the
differential equation

Ofg
dt

=

-2..fitHA - 2n(Ts -T2)

p5C5dl

(4a)

't1

where Ps is the soil density, c, the soil heat capacity, d 1 is proportional to the depth reached by the diurnal
temperature wave, 't1 is the period of one day and T 2 is the deep soil temperature. The soil heat flux, G =- HA, is
given by
(4b)

where e8 is emissivity of the ground surface in the infrared, CJ the Stefan-Boltzman constant, H58, the sensible heat
flux to the ground from ·the atmosphere, Clg. the ground albedo, sJ. ' the magnitude of the downwards short-wave
radiation flux, and RLJ. the downwards longwave radiation flux. For short time periods the deep soil temperature
can be assumed constant but for longer range purposes T 2 is calculated from
dT8

-HA

at = PsCsd2
where d 2 =( 365Ks't1 )

112

and is proportional to the depth of the annual temperature wave.

To obtain a solution to the full system of equations (1)- (4) then numerical techniques have to be employed. The
SIMPLEC finite volume method is one widely used technique derived by Patankar (15), along with the
modifications of Van Doormaal and Raithby (16). This numerical technique involves decomposing the domain
into a number of cells and then integrating each equation over each cell. Integrating each equation of the system
of equations (1)- (4) over each cell and using numerical approximations for the unsteady, inertia, diffusive and
source terms yields a discretised algebraic equation. Repeating this for all the control volumes leads to a set of
algebraic equations which can be solved to obtain an approximate solution to the system of equations (1). By
increasing the number of cells then the accuracy of the approximation can be improved.

RESULTS AND DISCUSSION
The numerical model under development is fully interactive allowing easy manipulation of the two data sets
described above. Figure 1 shows the computational domain used in the numerical model using the full UK as the
first solution domain then employing 7 embedded meshes to refine the region of interest.
As few as one, or as many as eleven, embedded meshes can be used to refine the region of interest up to a
resolution of about 20km, limited by the accuracy of the topography data set. The model then calculates all the
necessary roughness properties and determines the location of the urban conurbations within each embedded
mesh. The inflow and outflow boundary conditions for each mesh are obtained from the solution of equations (1)
- (4) on the previous mesh with the initial inflow boundary conditions on the first solution domain obtained by
solving the equations (1) - (4) in the vertical direction only. The simulation is usually started at night from a
steady state situation, leading to a neutral initial profile for the potential temperature. As the sun rises in the
morning a convective boundary-layer starts to form following an increse in the ground temperature. Figure 2
shows (i) the u-fluid velocity, (ii) the v-fluid velocity, (iii) the potential temperature and (iv) the turbulent heat
flux, as a function of height, used as the inflow boundary conditions for the UK solution domain at (a) Day 264 at
Sam and (b) Day 264 at 7am.
Figure 2(a) shows that the simulation at 5am by solving the steady state form of equations (1) - (4). Initially a
neutral boundary-layer is formed with the deep soil, surface temperature and air temperature all 280°K. Hence
there is no turbulent heat flux and the velocity profiles take on the usual Ekman type form. However, at 7am, 1
hour after sun rise, figure 2(b) shows that a shallow convective layer is starting to form, with a corresponding
turbulent heat flux. This convective layer is due to the solar heating of the surface by incoming radiation.
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Figure 1: The computational domain used in the numerical model using the UK as the first solution
domain then employing 7 embedded meshes to refine the region of interest. The land use data set for
urban conurbations shows the locations of various regions that may be of interest within the UK.
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Figure 2. The u-fluid velocity, the v-fluid velocity, the potential temperature and the turbulent heat flux,
as a function of height, used at the inflow boundary conditions for the UK solution domain. (a) Day 264 at
Sam and (b) Day 264 at 7am.
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Figure 3. The u-fluid velocity, the v-fluid velocity, the potential temperature and the turbulent heat flux as
a function of height used at the inflow boundary conditions for the UK solution domain. (a) Day 264 at
12noon and (b) Day 265 at 4:30am.

By 12 noon, figure 3(a) shows that a deep convective boundary-layer has formed due to the solar heating of the
surface with a corresponding negative turbulent heat flux. The velocity profiles take a similar form to earlier in
the day but suggest a deeper boundary-layer. The surface temperature continues to heat until approxi"mately 3pm
where upon it starts to cool as the sun starts to set. By early morning of the following day, after radiative cooling
of the surface during the night, the temperature profile in figure 3(b) shows that a small stable boundary-layer has
formed in the lowest few hundred metres of the boundary-layer. The neutrally stratified layer of air in the upper
regions shows that the boundary-layer is smaller in depth. The turbulent heat flux is smaller throughout the
boundary-layer than at midday with a corresponding adjustment in height of the velocity profiles.
CONCLUSIONS
In this paper the necessary theory has been presented to calculate the structure of the boundary-layer with the
urban environment. An interactive numerical model is being developed that will allow this structure to be
calculated within any conurbation within the UK by means of an embedded meshing technique. Real topography
and land use data sets are employed to incorporate accurate geographic information within the model. Inflow
boundary-conditions into the initial solution domain have been presented and shown to exhibit the observed
structure of the diurnal cycle of the boundary-layer.
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ABSTRACT
Key to understanding the hydroclimate of urban areas is evapotranspiration (E), the link between the energy and
water balances. Local scale eddy covariance measurements show E is significant in many urban areas, and
fundamental to issues of water quality, groundwater recharge, thermal amelioration by urban green-space,
amongst others. Previous studies have focused largely on average rates of E. Here attention is directed to the
spatial and temporal {hourly and daily) variability in E and its controls. On average, E is fairly consistent
between residential sites; however, from day to day, in the summertime, rates can vary by a factor of three. This
variability is related both to atmospheric and surface controls.

INTRODUCTION
The widely held belief is that urban evapotranspiration (E) rates are considerably less than those from
neighboring rural areas. This is attributed to contrasts in the hydrologic properties of building materials and
vegetation-covered soils (1). However, in many cities trees and other vegetated surfaces cover a significant area,
particularly in residential suburbs. Often the vegetation is irrigated, particularly in the summer-time, and E is
assisted by local- and micro-scale advection (2, 3). Previous work (4,5) has presented data on mean fluxes,
focusing on differences between land use and similarities between cities. This paper interprets the same data
(local-scale eddy covariance measurements from seven cities in N. America), but focuses attention on the
variability in E, both spatial and temporal, and important controls.

MEASURING EVAPOTRANSPIRATION IN URBAN ENVIRONMENTS
At the micro-scale, where individual surface types (e.g., lawn, pavement) are of interest, E can be estimated
using evaporation pans, lysimeters, or eddy covariance. Evaporation pans should be used with extreme caution
as they are not representative of many surfaces present within the urban area (6). Lysimeters allow point
estimates to be made and have been used with some success in cities (e.g., 7, 8, 3, 9). Eddy covariance can be
used when the instruments are mounted close to the surface in areas with sufficient fetch (e.g., large parks).
Clearly at the microscale, there is enormous spatial variability in rates of E; from zero when there is no
vegetation and surface water has dried up, to extremely large values associated with irrigated vegetation subject
to advection (e.g., 600 W m·2 at a park edge, 3) and swimming pools (e.g., daily averages for a swimming pool in
Tucson in the summertime were 9.8 mm d. 1 275 W m·2). Studies of dewfall show similar complexity. Using
lysimetry, blotting and wetness sensors, in conjunction with other observations, (9) documented the spatial
patterns of dewfall on roofs and grass. These patterns were attributed to micrometeorological conditions, and to
surface materials and morphometry.

=

The most direct way to measure evapotranspiration at local to meso scales involves the eddy covariance
approach. E is measured as its energy equivalent (QE) using fast responses sensors (5-10 Hz), which measure
rapid fluctuations in the vertical velocity (w') and moisture (q') properties of air parcels as they move towards or
away from the surface (for a fuller description see 10). The covariance (w'q') averaged over an appropriate
period yields the latent heat flux. If the instruments are located at appropriate heights (> 21M; where ZH is the
height of the roughness elements) and down-wind of fairly homogeneous land cover, data representative of E for
areas the size of city blocks to neighborhoods (the local-scale) can be obtained. Profile methods such as the
aerodynamic, and Bowen ratio-energy balance approaches have also been used on towers but several limiting
assumptions are not properly met over cities.
At the meso or regional scale, theoretically it is possible to estimate E by integrating between atmospheric
profiles of the Convective Boundary Layer (CBL) (11). However, profiles of specific humidity are often
complex and assumptions about boundary layer conditions are very restrictive. To date such CBL methods have
met with limited success in urban areas. Turbulence sensors mounted on aircraft have also been used.
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TIDSSTUDY
In the local-scale studies reported here, the eddy covariance approach was employed. Hygrometers and onedimensional sonic anemometers were mounted on tall towers, at suffiCient height to be in the constant flux layer
of the urban boundary layer (4). Data were collected at 5-10Hz and covariances determined for 15 min periods.
The results presented are hourly averages, all corrected to Local Apparent Time (LAT) (to ensure consistency of
solar noon).
The field sites (listed in Figure 2, along with abbreviations) are predominantly residential (with the exception of
Mexico City and the light industrial site in Vancouver), with detached one to two-storied houses, and vegetation
(trees, shrubs, grass). Full details of the sites and land cover in their vicinity are presented in (5). All the
observ.ations were taken in the spring - summer period with the exception of Mexico City (December, dry
season). With the exceptions of Vs92/Vl92 and C95 the weather in all measurement periods was fairly typical of
the.location (4, 5). Chicago 1995 included a record breaking heat and humidity wave, whereas Vancouver 1992
experienced drought and an irrigation ban was in effect.
RESULTS
The mean diurnal pattern of E, reported as QE (the latent heat flux) at each of the sites is shown in Figure 1 and
summary data reported in Table 1 (see 4, 5 for additional discussion). At downtown and light industrial sites (in
Mexico City and Vancouver) the daytime and daily latent heat fluxes are only a small energy sink and water loss
(T.able 1, Fig. 1). This is expected given the small areal coverage of open water and vegetation, and the lack of
external water use. V192 was under an irrigation ban, and in Me93 only occasional street washing was evident.
There is little evidence of a diurnal hysteresis pattern in E at Me93, whereas at V192 on average E is greater in
the afternoon. The Bowen ratio ((3 =Qw'Qe) is large for both these sites, with daytime values greater than 10 in
Me93 and greater than 5 in Vl92.

1

Table 1: Daily (24 h) and d aytime (Q* > 0 W m' ) mean observed·fluxes and ratios under all.
types of sky. Data ordered by significance of QE to the daytime energy balance (column 4). Daily
n - total number of hours in analysis; Daytime n - number of hours when Q*>O.

C95
S91
A93
Mi95
A94
T90
Sg94
Vs92
Vl92
Me93

Daytime
n
Q* QE QriQ*
MJm' 2 a 1
16.86 6.24• 0.37
lJ
12
12.66 4.16 0.33
15.44 4.79 0.31
13
15.97 4.38 0.27
13
n 17.49 4.61 0.26
16.35 4.08 0.25
12
14'.65 3.28 0.22
13
14
12.13 2.62 0.22
13
13.95 1.34 0.10
8.71 0.34 0.04
10

Daily
n.
{3
1.24
1.26
1.24
1.54
1.61
2.08
2.17
2.87
4.42
9.850

174
223
588
209·
350
131
468
572
313
81

Q*

QE

14.89
9.72
13.74
13.74
15.58
12.5
12.45
8.88
11.41
3.38

MJm'2 a 1
6.8
0.46
4.38 0.45
4.93 0.3.6
4.58 0.33
4.70 0.30
4.90 0.39
3.46 0.28
2.68 0.30
1.48 0.13
0.31 0.09

QriQ* {3

E
mma 1
1.11 2'.76
1.14 1.77
1.22 2.00
1.46 1.87
1.60 1.94
1.58 1.99
2.13
1.40
2.72
1.10
4.05 0.60
11.58 0.14

At the suburban sites, during the daytime, OJ, ranges from 0.22-0.37 of Q* (Fig 1b; Table 1). At several of the
sites, QgQ* fractions are greater in the afternoon than the morning (Fig 1b). In absolute terms, daily E is highest
at C95; 0.76 rom d' 1 greater than any other site (Table 1). These high rates were related to the record
temperatures in Chicago and extensive irrigation. At many of the sites high E early in the morning results from
evaporation of micro-scale dew. The smallest suburban E was measured at Vs92 during a prolonged drought and
a ban on external water use. Daily E at the other residential sites, in very different climate zones, on average
1
cluster quite closely together (from 1.40 to 2 rom d' ; most 1.8 to 2 rom d'1). Fluxes at night are small but
generally positive, sustained by releases of stored energy (dQs) from the urban fabric (4), indicating nocturnal E
not dewfalV condensation at the local-scale. At these residential sites, irrigation by manual and/or automatic
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methods is common and sustains E. Except for a few cases early in the morning (A93, C95, Mi95, Tu90), for all
suburban sites J3 is greater than 1 throughout the day. For the majority of these sites, J3 remains below 2, but at
the three driest sites it is larger: in Vl92 J3 approaches 4, in Tu90 it approaches 3, and in Sg94 in the late
afternoon it exceeds 3.
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Figure 1: (a) Average summertime QE with day length scaled to be consistent between sites (site
abbreviations listed in Figure 2); (b) QE nonnalized by Q* (net all-wave radiation); (c) Diurnal course of
QE plotted against Q* to show evidence of diurnal hysteresis; (d) average Bowen ratio (J3).

In urban areas, hour-to-hour variability in measured convective fluxes typically is larger than that documented in
rural areas (4). (4) recommend a 2h averaging period when reporting QE data (based on 12 for unstable
conditions at 30 m under wind speeds of 5 m s· 1). The 2 h averaging period is used here to investigate within and
between day variability in QE (Figure 2). At the daily time scale, rather than multi-day averages (contrast Fig 2
with Fig la), significant variability is evident. Variability is greatest in the middle of the day, concurrent with the
largest fluxes.
This day-to-day variability is related to both atmospheric and surface conditions. The two days with highest E in
Los Angeles in 1994 are the same for both the A94 and Sg94 sites. This suggests the influence is the regional
atmospheric conditions rather than site specific surface controls. The two Vancouver sites show much more
variability than the other sites. This suggests that irrigation acts to reduce day-to-day variability. Daytime E was
larger, in Vancouver in the earlier part of the irrigation ban (Fig 2). By the time the ban was lifted the amount of
available energy had been reduced, thus absolute values remain low.
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To investigate controls on the spatial (city-to-city) and temporal (day-to-day within a city) variability of Q; the
four mid-day hours (hours ending 1100 - 1400) of each day of measurements were averaged to detennine a
"midday" QgQ* and QH/Q;. This approach has been used by others (13) to investigate the evaporative fraction.
Other atmospheric meteorological conditions were averaged for the same four hours. In all cities rates of E are
well below midday equilibrium rates (i.e., <Xpr = 1, Fig. 3). At a maximum, in C95, S91 and C92, rates are 50%
of equilibrium values. In Vl92, Me93 and Vs92 apr drops to about 0.1. This indicates that water is the primary
limiting factor, not energy availability. Relations with the fraction of the surface irrigated, both between sites and
for a given site from day-to-day, are clearly evident (Figure 4). This is further support for the role of irrigation in
controlling E in cities.
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CONCLUSIONS
The largely summer-time data presented here show clearly that E is an important flux in urban areas at different
scales. In residential neighborhoods it constitutes an energy sink of 22-37% of the daytime, and 28-46% of daily
(24h) net all-wave radiation. In downtown and light industrial sites it is much less important. Often E exceeds
precipitation and is sustained by external water use from the piped urban supply. In residential areas E rates on
average are fairly conservative, maintained either by regular rainfall or ·irrigation. Even in Tucson with a
landscape designed to conserve water, irrigated surfaces are extensive enough to sustain rates similar to those in
Miami. Controls on irrigatien, such as a ban, is capable of significantly curtailing E, as evidenced in Vancouver
in 1992. However, on a day-to-day basis E varies by up to a factor of three, and is highly variable from hour-tohour.
It appears that E is water-limited in summer-time, and maximum values are only 50% of equilibrium rates during
the middle of the day (under the conditions reported here). General relations between E rates and the fraction of
the surface vegetated or irrigated are evident, but there is considerable scatter both between sites and at a given
site from day-to-day. Clearly in ali these urban environments a very strong surface control is· imposed by the dry
impervious/built surface and the availability of water to the vegetated fraction.
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ABSRACT
The subway system of New York City is the sixth largest subway-system in the world. About 60 percent of the
subway system is underground with a distinct atmosphere, air quality and wind flow - little about which is
known. The ventilation system of the subway is primary a passive system which uses pressure and suction forces
exerted by incoming and departing trains. But there are much more factors influencing the behavior of air flow
apart from the movement of the trains. The article presents the initial findings of linkages between subterranean
and street-level atmosphere with a particular focus on the structure of airflow and temperature through the
exits/entrances and sidewalk grates.
INTRODUCTION
The subway system of New York City has 230 route miles, 856 track miles, 469 stations, 1.1 billion riders/yr.
and is the sixth largest subway-system in the world (1). About 60 percent of the subway system with 137 route
miles and 277 stations is underground with a distinct atmosphere, air quality and wind.
Sufficient and detailed knowledge about the ,underground" field of air flow as well as the interactions with the
air flow outside this system is important to provide an effective prevention of illnesses, when it comes to
bioclimatological and hygenic problems with air pollution; to take effective measurements in situations where
evacuation is necessary (e.g. fire); such knowledge is urgently needed, but has in New York City not yet been
developed.
The ventilation system of the New York Subway
The list below shows the factors influencing the ventilation system of the New Yorker Subway as well as the
manifold interactions between them. They have to be taken into account when looking at air flow inside the
tunnel systems on the one hand and at the outer atmosphere on the other hand. The ventilation of the tunnels and
of the underground stations is based on the following factors mainly:

Passive ventiloJion system:
•
•
•

Sidewalk grates
Commuter entrances/exits
Tunnel entrances/exits

Active ventilation system
•

Fans (just at times)

As this list shows the subway system of New York is primary based on passive ventilation making use of
pressure and suction forces exhibited by incoming and departing trains. A pressure wave precedes every
incoming train and air is pushed through the openings of the ventilation system mentioned above.
Correspondingly, when trains depart, pressure is below atmospheric pressure and thus air from outside is sucked
through the ventilation system into the tunnel system.
• Basically, this passive ventilation system of a Subway station and the adjacent tunnels is constructed as
follows (see Fig. 1): In each of the four comers of a station an opening is leading through the roof of tunnel
to one or more sidewalk gratings,
• In the middle distance between two stations there are openings connecting tunnels and sidewalks in
either direction of travel,
• Additionally there are openings in the tunnel system shortly before stations, and thus they are passed
directly before the trains enter a station; especially here most of the pressure waves energy should be
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dissipated, because air is pushed outside through the openings. Velocity of air flow inside the station and
around the staircases should be kept to a minimum this way.

Figure 1: Plan of portion of Seventh Ave. subway, showing provision for ventilation (2).

To guarantee sufficient supply of fresh air for larger stations and for stations that are more complex. there are
diverse variations from this basic pattern (2).
Figure 2 shows the general form and structure of the openings. An important fact to notice is that the ventilation
pipes are not directly leading from the street to the platform: they go straight down to a certain depth
(perpendicular to the tunnel system) and- forming a straight angle- run parallel to the tunnel until they lead to the
station. This makes sense as it inhibits rubbish etc. from falling into the station; the same principle holds true for
rain. There are many diverse variations from this basic structure, too. Various openings are running directly
above the railways at the station Columbus Circle for example. The openings are large enough so that the
pressure wave is hardly noticed by pedestrians.
Apart from the train movements, there are many other important factors that influence the underground situation
of air flow (3) and the exchange with the air from outside the subway system. These are:
•
•
•
•
•
•
•

Strength and nature of the local wind field
Periodical changes of the meteorological elements due to diurnal variations
Periodical changes of the meteorological elements due to annual variations
Location - specific nature of microclimate (level of station and street)
Generation of vortices in the area of entrances/ exits
Constriction of horizon/ insolation
Gradient of temperature and pressure between the atmosphere inside and outside the station (up- or
downward movement of air)

The New Yorker subway system is mainly based on passive ventilation, and is thus largely dependent on the
weather conditions and local climatological modifications; in combination with the train movements we get
immense and complicated interactions regarding the ventilation system. These interactions and their
complexity are still unknown to a greater extent and have to be observed. The direction and strength of
vertical air movements between subway and the atmosphere outside depending on different gradients of
temperature and states of stability seem to be of particular interest. The purpose of our investigation is to
identify and quantify specific basic structures.
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Figure 2: Partial Cross-sections and plans of double-deck subway, showing typical arrangement of
ventilation outlets (2).

MEmODS
The concept of investigation relies on the use of ultrasonic- anemometers (sonics). The use of sonics makes it
possible to measure current velocities with speeds of a few cm/s and to register the finest frequencies in change
of direction and speed in intervals of fractions of seconds, as well as the finest variations in air temperature.
According to VDI 3786, the lower detection limit and the uncertainty of wind speed measurement is 2.5 cm/s
and for temperature 2.2- 10-2 K (4). In addition to that, air and surface temperatures were frequently measured
using hand thermometers, which are highly sensitive, and touchless insolation thermometers.
Measurements done so far were created as random sampling strategy in order to determine the influencing
factors mentioned above. The main objective so far was to get information about exchange of air from outside
(,outer atmosphere") and inside (,Subway-atmosphere") the stations, especially around entrances. Investigations
made so far are restricted to the following subway stations:
•
•
•

68lh Street (Hunter College), Line 6
59lh Street/Lexington Ave, Lines N,R,4,5
Columbus Circle

To get information about the interactions between the air inside and outside the station, we measured 24 hours at
the station 68lh Street in September 1998 (6 am to 6 am the following day) and again 18 hours in February 1999
(12 am to 6 am). Measurements took place around the south-western entrance area in the direct ,transformation
zone" between station and outer atmosphere. Additionally to these measurements of air flow surface and air
temperature were measured for 4 days (also in September 1998) inside and outside the station Columbus Circle.
In addition to the measurements mentioned above train movements (time of arrival and departure as well as the
times when the ends of trains passed the sonics) were recorded for the entire station.
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RESULTS

t"E:wnple
Example 1 shows the diurnal variations of air temperature, wind direction and wind speed for the entrance area
of the station Hunter College, south east exit. It is situated in the direct .,transition zone" between subway and
city atmosphere in 1,5 m above ground (center of opening). The axis of the entrance is North (Subway)- South
(City) orientated. The opening towards the city is ca. 4 m deep and leads into a shaft-like staircase that goes
upstairs. A tree canopy inhibits exchange of air here. Figures 3 and 4 show results of the measurements made in
February 1999. Air temperature outside was 8 °C at its maximum and was as low as 2 oc at night. Mean sample
time was Is.
Fig. 3 shows a 2- hour time- interval of measurements with the highest density of trains at the station (rushhour). It becomes obvious that each parameter measured is subject to continuous change. Abrupt changes in air
temperature coincide with changing wind speed, and upward and downward movement of air. This picture is
typical of the conditions for the whole day: Up to now there was no longer period of time where we could proof
constant conditions of air flow or air temperature during the measurements.
Due to the fact that the prevailing wind directiqn ·is north. the air is ascending from the subway station most of
the time. Lower temperatures are combined with a .change in direction of air flow and a change in the vertical
movement of air, Le. descending air from the entrance area. This could be the-effect of the temperature gradient
(higher temperatures outside the . station) wi~ warmer air ascending and leaving the station and cold air
descending and thus flo~g into .the station as some kind of balancing exchange between the two spheres; it
could also be possible that these changes are due to the train movements or that they are a combination of both
processes.
.
.
.
The short term changes mentioned above as well as the abrupt changes in temperature and wind speed hint at a
strong influence of the train movements. If compared with the records of the train movements there is a strong
relationship between arriving trains· and air leaving the station and departing trains and effects of suction,
respectively. But there are also more diverse patterns so that exact statements about these problems will be
possible when all the data is analyzed. ·
On the contrary, the situation over the 2 hour time interval during the early morning hours deviates distinctively
(see fig. 4). You can see here that periods with the same short term variation as mentioned above coincide with
comparable constant conditions. Especially air temperature is constant: values only show single irregularities
where temperature was higher, although amplitude is higher here. Another characteristic that can be observed for
this time interval is that air flow is mainly downward (into the station); directions vary, but air flow out of the
station shows a minimum value here. Horizontal speed of air flow is relatively low so that vertical movement is
sometimes prevailing. These observations hint at a continuous flow of cold air into the station which is not often
interrupted by trains that go less frequent at this time. The flow of warm air out of the station (around 5.30 am)
can be interpreted as balancing of the air masses.
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Figure.3: Horizontal and vertical wind speed and wind direction as well as air temperature at south east
entrance of 68th Street Station in NYC, on 26th ofFeb.l9 99, mean sample time: 1 sec.
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entrance of 68th Street Station in NYC, on 27th of Feb. 1999, mean sample time: 1 sec.

2nd Example
The following example in figure 5 should give an impression of how strong the variability in air temperature and
wind speed is. Measurements were made inside a very small side-entrance of the station Columbus Circle, that
leads from street level to the upper level of the station. High speeds of air flow and extreme changes in
temperature have been observed here. Values obtained here are by far the extreme observed in any one of the
entrance areas.
Due to problems of space, a sonic could not be placed here as there was only space for two pedestrians walking
next to each other; measurements had to be made by hand using sensitive hand thermometers and heat ball
anemometers. Height of measurement was 1.5 m above ground at a staircase which was situated directly in the
middle between the surface of the street and of the station. The temperature outside the station was 16 oc after a
cold front had passed; at the same time, temperatures on the upper platform of the subway station were as high as
35-40 °C.
Fig. 5 shows the recorded temperature curve for a 13 minutes time interval, measurements were made in an
interval of 1 s. Velocity of air flow could not be recorded here, but was measured punctually; direction of air
flow is indicated by arrows meaning ascending or descending air flow.
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Figure 5: Temperature [°C] and direction of air flow in correlation to moving trains at 1,5m ht., at north
east exit at Columbus Circle Station, on 9th of Sept., mean sample time: 1 sec
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First thing that can be noticed is that the beginning of the staircase is strongly influenced by the warm air of the
station; during phases without any train movements, this warm air poured up the stairs, reaching velocities of 1
to 2 rnls. Higher air flows were the results from trains arriving at and leaving the station. While an incoming
train and the so generated pressure wave were able to push warm air out of the station, reaching velocities of 10
m/s, the effect of suction lead to an abrupt change in direction of air flow: cold air was sucked into the station
with velocities of 5 to 7 m/s. This caused temperature differences of about 14 Kat the location of measurement
in very short time intervals. The irregular pattern of temperature differences is due to the complexity of the
station with its different levels and a number of trains arriving and passing the station; This results in quite
chaotic patterns of temperature and air flow.

DISCUSSION
The investigations in the New Yorker Subway system show clearly and without doubts that the exchange
between the atmosphere of city and subway system is due to short term changes in air flow; these are balancing
air flows that prevail during the day. Changes occur in between seconds, the sequence shows a chaotic pattern
and is mainly influenced by the sequence of the trains (i.e. ,in what kind of pattern they enter and leave the
station). Intensity and duration of the balancing air flows varies greatly and depends on a lot of factors; These are
mainly:
•
•
•
•

Size of the opening and position and distance to platform, respectively
Gradient of temperature between subway and outer atmosphere
Sequence of trains
Ratio between total volume of the platform and the volume that can be displaced by trains

Maximum temperatures measured so far show a jump in temperature of 14.2 K during one minute; maximum
velocity of air flow out of the station was 10.7 m/s.
Air flow that lasted longer could ~>nly be observed in the ·Second half of the night; during that time, less trains
were on their ways. The balancing air flows were somewhat weaker here; this is mainly due to the gradient of
temperature between the two air masses and the size of the opening.
Results obtained so far can only give a frrst impression about the interactions between subway and the outer
atmosphere. Continuing observations will be concerned with the different gradients of temperature as well as
observing more entrances at the same time; sidewalk gratings will be subjects of observation, too.
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Scott C. Sheridan, Laurence S. Kalkstein, and Jared M. Scott
Department of Geography, University of Delaware, Newark, Delaware

ABSTRACT
While numerous studies have examined the magnitude of the urban heat island, no large-scale study has yet
analyzed its variability using an air-mass based methodology. The air-mass approach can provide unique insight
by discerning how large-scale weather patterns may impact the magnitude of the heat island effect. This study
utilizes the Spatial Synoptic Classification (SSC) scheme, a recently-revised air mass classification system which
is available for over 300 North American stations for 50 years.
For several urban areas across the eastern United States, daily maximum and minimum temperatures were
compared between urban and rural sites. Data are segregated by air mass and by season. Overall, the three "dry"
air masses show considerably larger urban heat island disparities than the three "moist" air masses. These effects
are much more pronounced with minimum temperature than maximum temperature. Summertime minima are
slightly more affected than wintertime minima, with the exception of one air mass that shows the opposite trend.
The air masses traditionally associated with elevated mortality in urban areas have some of the most intense
urban/rural differentiations, with overnight temperatures typically 3° C or more above outlying areas. Temporal
trends (over the second half of the century) are also examined. For most urban locations, the summer urban heat
island appears to be strengthening, whereas in winter little to no change is observed. This may be related to
increased air conditioning use during the summer, although further research is needed to ascertain the effects of
air conditioning upon the urban heat island.
INTRODUCTION
While the urban heat island has been studied using a variety of techniques, there is a lack of comprehensive
studies that attempt to determine whether certain synoptic situations possess more significant urban-to-rural
temperature differences than other situations. We hypothesize that the synoptic situation is an important
determinant of the urban heat island's magnitude. To test this hypothesis, we are presently evaluating the urban
regions of the United States Northeast using the Spatial Synoptic Classification (SSC) system. The goals of this
study are not only to discern differences in the urban warming among air mass categories, but also to assess
whether these have changed over time. As it is also believed that some of the most significant urban warming
occurs during synoptic situations associated with elevated urban mortality, the biometeorological implications of
this research are also important.
THE SPATIAL SYNOPTIC CLASSIFICATION (SSC)
The SSC is a recently developed method for classifying days at a particular location into distinct air mass
categories, and integrating these classifications over a larger domain into spatially cohesive air mass regions (1).
It is a hybrid categorization system, employing both manual and automated segments. The initial stage requires
manual identification of air masses; once this is completed, an automated classification of days follows. The
system was originally developed using discriminant function analysis for classification purposes, and was only
available for the three winter months (December, January, February) and the three summer months (June, July,
August) (1). The system has been subsequently redeveloped (2) for year-round use, and is presently available
for 328 stations in the United States and Canada. Both pure climatological studies, including assessments of air
mass frequency and character trends (3,4), and applied studies, including the impact of weather on heat-related
mortality (5), have utilized sse calendars.
As the original developers of the SSC believed the "traditional" air mass system (cP, cT, mP, mT) was too
limited for practical use, six air masses affecting the North American continent are identified:
•
•
•

DP (Dry Polar), synonymous with the traditional cP classification.
DT (Dry Tropical), synonymous with cT.
DM (Dry Temperate) has no analogue in the historical classification system. It has been defined for the
continental U.S. as 'transformed Pacific air', or orographically dried Pacific air. This air mass is usually
more humid than DP or DT air, and features temperatures somewhere between the two.
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•

•

MP (Moist Polar) and MM (Moist Temperate) together comprise the traditional mP air mass. MM air,
associated with overrunning conditions, typically contains somewhat higher dew points and temperatures
than MP air.
MT(Moist Tropical) is the same.as mT.

A transition (TR) day -is also defined to account for ·d~ys in which a change in air .mass occurs.

The foundation of the sse rests upon the proper identification of seed days for each locale, which represent
days with the typical meteorological characteristics of a given air mass at that location. With the aid of synoptic
weather maps, manual identification of typical air mass characteristics is perfonned for four two-week
"windows" throughout the year; programs then select days -that meet all of these criteria for each air mass during
each window. Routines are then perfonned to produce polynomials that utilize the mean conditions from the
selected seed days to produce "typical" values for the twelve different meteorological parameters in Table 1 for
each day of the year.
Each day in a station's period of record is evaluated, comparing the character of that day with expected values
obtained from the polynomials for each air mass for the particular day -of the year. For each variable, for each
air mass, squared z-scores (the square of the difference between the actual value and expected value, divided by
the standard deviation) are calculated. After being summed across all variables for each air mass, the day
receives the designation of the air mass whose total score is lowest, an indication that its expected values are
most similar to that day's actual values. A similar procedure is subsequently used to determine if a day is
transitional, with three variables (dew point range, wind shift, and pressure change) used for this assessment.

Table 1. The twelve variables used to discrimlnate among air masses.
0400 EST Temperature
1000 EST Temperature
1600EST Temperature
2200 EST Temperature
Daily Dew Point Range
Daily Mean Cloud 'Cover

0400 EST Dew Point
1000 EST Dew Point
1600 EST Dew·Point
2200 EST Dew ·Point
<Daily Temperature Range
Daily Mean ·sea Level Pressure

As .the spatial cohesiveness of the SSC is paramount, an important objective is to assure that neighboring stations
have similar criteria for the same air mass. To accoroplish this, a complex set of procedures transfers actual seed
days from one station to an adjacent station. Local climatic factors are accounted for, ensuring a relatively
smooth pattern of air mass identification on a regional scale, with a good station-to-station correlation.
METHODS

sse calendars are available for most us first-order weather stations since 1948, coinciding with the availability
of hourly meteorological data. For each of several metropolitan areas (Baltimore, New York, Philadelphia, and
Washington), station "pairs" (consisting of -one urban location and one suburban/rural location) are selected.
Stations must have-at least 30 years of coinciding weather data to be selected. When both stations have available
hourly data, morning and afternoon temperatures are compared. When this is not the case, maximum and
minimum daily temperatures are compared. In order to test the hypotheses mentioned above, data are stratified
by air mass, and then further subdivided by season and segments of the period of record.
RESULTS AND DISCUSSION

Typical of the results for the region analyzed are those discovered for Washington. Means for the period of
record (1962 to 1998) comparing National Airport (DCA), in the center of the heat island, and Dulles Airport
(lAD), 50 km away in a recently-suburbanized locale, are listed in Table 1. As expected, the heat island is much
more significant overnight than during the day. Also, among-air mass variability is also much more significant
overnight; on summer afternoons virtually no difference among the air masses is noted.
Overnight temperatures between urban and rural areas for most air masses show a greater disparity during
summer than winter. The three dry air masses (OM, DP, DT) all have temperature differences that are at their
lowest in winter (1 ° to 3°C across the regions), increasing to 2° to 5° in the summer, and maintaining this level
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through the autumn. With the moist air masses (MM, MP, MT), a more complex pattern emerges. Moist
Tropical (MT) follows a similar pattern to the dry air masses, although with a much larger amplitude. The
summer urban/rural disparity is nearly as strong as that of the dry air masses, with virtually no difference in
winter (Figure 1). This discrepancy probably reflects the different geneses of MT throughout the year. During
winter in the region of interest, MT usually only arises with cloudy and windy conditions, which would
minimize temperature differences. In the summer, however, MT is less cloudy, and calmer nighttime winds
would allow for a greater urban-to-rural temperature difference. In contrast, the Moist Moderate (MM) air mass
has a nearly flat trend at most locations, with the difference between the summer and winter heat island less than
1°C. Moist Polar (MP) is the only air mass whose heat island is greater in winter than summer (Figure 1). This
difference appears in each metropolitan area examined. We hypothesize the cause involves the necessity of a
strong northeasterly flow for an MP classification in the warm season, but not the cold season.
As mentioned above, afternoon temperature disparities in most locations contain much less variability among the
air masses. It is worth noting that the magnitude of the heat island during the day is actually greater during the
winter than the summer, opposite of the overnight pattern. While the exact magnitudes differ across
metropolitan areas, due to local station differences, the pattern and the muted differentiation among air masses
occurs throughout.
Urban-rural temperature differences have also shown trends and disparities over time. Unlike the above results,
those uncovered here are not consistent among the metropolitan areas studied. This disparity can be attributed to
either different trends over time in the pace of urbanization near a particular site, or a relocation of
instrumentation, although no relocation has been confirmed for any of our studies. In general, however, most
stations show an increased heat island effect in summertime, and a relatively flat, to slightly decreasing, effect in
wintertime. The same trends appear both with afternoon/maximum temperatures and morning/minimum
temperatures. In our example for Washington, however, a slight decrease in temperature difference is noticed in
both summer and winter. In this case, this difference likely does not reflect a decreased urban heat island in
downtown Washington. Rather, we believe that the Washington heat island has increased over time, with the
downward trend since around 1980 related to the commencement of rapid suburbanization near Dulles Airport.
Within these overall trends, differentiation among air masses still occurs. Figure 2 depicts the summertime
temperature differences over time for the DT and MT air masses. While the heat island on DT days (which is
typical of all dry air masses) has diminished significantly since 1980 (around 2°), the temperature difference
between DCA and lAD on MT days has not decreased as significantly (only around 1°). Further research needs
to be performed on truly rural stations in the Washington metropolitan area to clarify the significance of these
trends.

Table 2. Mean frequency of occurrence of air masses at Washington DC National Airport (DCA), along
with the temperature differences between DCA and Dulles International Airport (lAD), averaged for the
period 1963-1998. Note that transitional situations are excluded.

DM

DP

JANUARY
Frequency of occurrence(%)
Difference, 0400 Temperature (0 C}
Difference, 1600 Temperature (0 C}

24.1
2.6
0.7

35.2
2.8
1.1

JULY
Frequency of occurrence (%)
Difference, 0400 Temperature (0 C}
Difference, 1600 Temperature (0 C}

22.5
4.4
0.9

4.8
3.6
0.6
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DT

MM

MP

MT

1.0
2.7
1.6

12.7
1.7
1.2

17.3
2.6
1.0

2.2
0.1
-0.5

5.5

18.3
2.4
0.7

0.9
1.8
0.8

41.7
3.0
0.9

4.0
0.9
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Figure 1. Mean ·magnitude of the difference in 0400 Figure 2.
Three-year running means of the
EDT temperature between DCA and lAD by month, summertime (June through August) difference in
averaged for the period 1963-1998, for the MP and 0400 EDT temperature between DCA and lAD by
year, for the DT and MT air masses.
MT air masses.

CONCLUSIONS
Initial results show that a segregation of days by air mass provides interesting insight into the urban heat island
effect. For our work within the US Northeast Megalopolis, with overnight or minimum temperatures, dry air
masses show a greater temperature difference between urban and rural stations than moist air masses;
summertime greater than wintertime. Maximum temperatures do not show as large of a differentiation. Also,
the urban heat island has varied over time, increasing in some locales and decreasing in others, apparently a
reflection of the differential rates of urbanization in these areas.
We have begun to analyze additional stations in each metropolitan area, and incorporating the histocy of
urbanization into the assessment. With our previous work showing a strong relationship between elevated
mortality and certain air masses, and the additional importance of minimum temperatures within a given
oppressive air mass, understanding the effects of urbanization is of great importance to the biometeorological
field as well.
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ABSTRACT
A research project which aims to evaluate and develop methods for mitigating and controlling urban heat islands in
Tokyo metropolitan area is in progress, based on the Ground Monitoring System with the support of JST (Japan
Science and Technology Corporation). The primary purpose of this research is to clarify the temporal and spatial
structure of heat islands in Tokyo metropolitan area in connection with anthropogenic heat consumption,
meso-scale wind direction, and other factors. The results are summarized as follows: 1) The heat island intensity
(HI), which is defined as the temperature difference between downtown Tokyo (Ochanomizu) and a western
suburb (Hachioji), reaches its highest value of6 degrees C during the night in January. On the other hand, the HI in
the daytime is mostly below 1 degrees C for every season. 2) The spatial pattern of daily mean minimum
temperature is highly correlated with the distribution of anthropogenic energy consumption. 3) It is observed that
the strong winter monsoon (NW wind) diminishes the HI on clear nights.

INTRODUCTION
Urban heat island phenomena, which are known as high temperature occurrences in the central part of a city,
would be estimated to become much greater in a big city as Tokyo. There have been many studies on urban heat
island phenomena in the field of meteorology, urban climatology, architecture and city planning. Thus an overall
feature of urban heat island phenomena including their mechanisms became clear from observational and
numerical studies. However, the detailed characteristics of urban heat islands such as the seasonal and diurnal
variations in meso-scale temperature distribution are not fully discussed. The objective of this paper is to clarify
the spatial and temporal structure of urban heat island phenomena in Tokyo metropolitan area in connection with
anthropogenic energy consumption and seasonal wind fields based on the Ground Monitoring System developed
by our research project.

METHODS
Since 1997, we have distributed more than 120 automated meteorological data acquisition systems in Tokyo
metropolitan area, as shown in Figure 1. At all stations, both air temperature and humidity are observed
automatically by small data loggers every 15 minutes. Those data have been collated every three months and
utilized by the members of our research group. We plan to distribute these data-sets to related researchers and
institutes in the near future. As some of the humidity data include irregular records, we will use and analyze only
the temperature data in this study.
First, we analyzed the spatial pattern of daily mean maximum and minimum temperatures using isothermal charts.
Temperature patterns are compared with a map showing anthropogenic heat release in Tokyo and its surroundings,
and correlation coefficients are calculated between annual mean temperatures and heat consumption density in
each station.
Second, in order to clarify the temporal variations in urban heat island intensity (HI), both seasonal and diurnal
variations in the HI were examined by calculating the temperature difference between the western suburb and the
downtown Tokyo.
Finally, the effects of prevailing strong wind on the spatial structure of urban heat island in winter season were
analyzed by comparing the composite charts in windy days and calm days.
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Figure 1: Location map of Ground Monitoring System in Tokyo metropolitan area.

RESULTS AND DISCUSSION
Figure 2 shows annual mean daily (a) minimum and (b) maximum temperature patterns in Tokyo metropolitan
area. The area of highest minimum temperature appears in the central part of Tokyo where anthropogenic energy
consumption density is larger than surrounding regions (Figure not shown). Another high minimum temperature
area can be found on the Tokyo Bay due to the warm sea surface temperature at night. On the other hand, the
distribution of daily mean maximum temperature is characterized by the scattering of higher maximum
temperatures for the whole area.
It should be noted that the maximum temperatures near bayside area, where minimum temperatures are the highest,
are rather lower as compared to those from the northern part of Tokyo to the inland regions probably due to the
cool air advection from Tokyo Bay in the afternoon. Although there exists a spatial difference of maximum and
minimum temperature distribution, annual mean temperature and heat consumption density in each station is
highly correlated as shown in Figure 3. The heat consumption density is not only an index of anthropogenic heat
release but also a good indicator of urbanization such as the density of buildings and artificial materials which
might be related to the surface energy balance
(b)

(a)
SEASON= Jul/1998- Mar/1999 Item= Average ol daily min

SEASON=Jui/1008-Mar/1999 Item= Average ol daily max

9. 2

18.8

lH

21. 8

Figure 2: Annual mean daily (a) minimum and (b) maximum temperature patterns in Tokyo metropolitan
area.
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Figure 4: Seasonal and diurnal variations in the heat island intensity (HI) defined as the temperature
difference between downtown Tokyo (Ochanomizu) and the western suburb (Hachloji) as indicated in
Figure 1.
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We examined seasonal and diurnal variations in the heat island intensity (HI) of Tokyo which is defined as the
temperature difference between the warmest area (downtown Tokyo) and the coldest area (western suburb). As
illustrated in Figure 4, the HI reaches its highest value of around 6 degrees C in the night of January and February.
On the other hand, the HI is low (0 to I degrees) in the daytime throughout the year. The HI shows rapid increase
from September to November in the night. This would be related to the increase of ground temperature inversion
due to the nocturnal radiative cooling in the suburbs. The low HI in the daytime is also pointed out in previous
studies (e.g. 1).
The winter monsoon, which is characterized by the prevailing northwest wind from Siberian continent, is
considered to destroy urban heat island dome when it brings strong wind over the Kanto Plain including Tokyo
metropolitan area. In order to evaluate the effect of strong NW wind on the urban heat island dome, we made
composite temperature profile along NW/SE line from the northern suburb of Tokyo to the downtown/bayside area
as indicated in Figure 1. As shown in Figure 5, the temperature difference between the northern suburb (0-Skm)
and the downtown/bayside ( 30-35km) in the strong NW wind days is smaller than that in the weak NW wind days.
(a)
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Figure 5: Temperature proftles along NW-SE prevailing wind direction on clear days in winter. Distance
from northern suburbs of Tokyo (No.112) is indicated on the horizontal line. (a) Composite of 4 days with
weak NW wind (<Smlsec), (b) composite of 5 days with strong NW wind (>Smlsec).

494

(b)

(a)

IteF!lays of Ttin<Ot

IteFilays of 'flio~25t

N
100

N

50

!K)

->

8J

40
30
20

50

10

70
60
50
40
30
20
10
0
65

.. .
50

y

Figure 6: Number of (a) ''tropical nights" (daily minimum temperature> 25°) and (b) ''winter days" (daily
minimum temperature< 0°) in a year.

Finally, we will discuss the heat island in Tokyo Metropolis from a biometeorological point of view. As indicated
in Figure 6, urban heat islands in downtown Tokyo are characterized by the occurrence of frequent hot nights in
summer and a few cold nights in winter. The number of "tropical nights" in downtown Tokyo reaches 40 which is
as much as 10 times of that in western suburbs. By contrast, the number of "winter days" in downtown/bayside
Tokyo is 0 to 10 which is much smaller as compared to the western suburbs. In accordance with the present
situation of urban heat island phenomena in Tokyo Metropolis, the diurnal temperature range in Tokyo has
decreased rapidly since 1950s due to the increase of anthropogenic heat release and the changes in surface
materials (e.g. 2, 3).
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ABSTRACT
Despite its relevance to many aspects of urban climate and to several practical questions, urban dew has largely
been ignored. In this study, simple observations, an out-of-doors scale model, and numerical simulation were
used to investigate patterns of dewfall and surface moisture (dew + guttation) in urban environments.
Observations and modelling were undertaken in Vancouver, primarily during the summers of 1993 and 1996.
Surveys at several scales (0.02-25 km) showed that the main controls on dew distribution were weather, location
and site configuration (geometry and surface materials). Weather effects were investigated using an empirical
factor, <l>w. Maximum dew accumulation (up to .about 0.2-0.3 mm per night) was seen on nights with moist air
and high <l>w, i.e., cloudless conditions with light winds. Favoured sites were those with high sky view factor
(\f's) and surfaces which cooled rapidly after sunset, e.g., grass and well insulated roofs. A 1/8-scale model was
designed, constructed, and run at an out-of-doors site to study dew patterns in an urban residential landscape
which consisted of house sections, a street and an open grassed park. The Internal Thermal Mass approach (ITM)
was used to scale the thermal inertia of buildings. The model was validated using data from full-scale sites in
Vancouver. Patterns in the model agreed with those seen at the full-scale, i.e., dew distribution was governed by
weather, site geometry and substrate conditions. Correlation was shown between \f's and surface moisture
accumulation. The feasibility of using a numerical model to simulate urban dew was investigated using a
modified version of a rural dew model. Results for an asphalt shingle roof showed promise, especially for built
surfaces. Taken together, observation and modeling suggest that, whilst small, dewfall is not a negligible term in
the urban water balance.

INTRODUCTION
There is growing interest in urban dew and its significance in questions of urban climate and air pollution
deposition. The presence of dew is linked to many topics (Table 1) but the basic research needed to describe and
explain patterns of urban dew has largely been neglected. Since dew is not regularly monitored, except at some
rural sites, and then only when economic incentives exist, dew data are not routinely available for cities. Dew
research tends to be rural and it is now possible to satisfactorily measure, and sometimes predict, dew on
agricultural crops. In contrast, dew in urban environments is seldom measured, often dismissed, and even with
the best available numerical models has not been simulated.
Measurement of dew is associated with certain difficulties in whatever environment it occurs. In cities, practical
difficulties range from the logistics of instrumentation to measure a small phenomenon, to the time needed to
collect data by blotting, to the sheer complexity of the 3-D surface on which urban dew may potentially form.
Physical or numerical simulation seems an attractive alternative. However, dew is difficult to create in the lab
and modelling in the outdoors where dew forms naturally, has hardly been investigated (1). Further, there are no
existing numerical models to predict areal accumulations of urban dew. Few urban models simulate fluxes of
water vapour, and the best currently available to estimate urban evaporation (2) lacks the resolution needed to
simulate dew. Thus, there exists a need for reliable methods to measure dew in cities, and to simulate its
occurrence and magnitude using hardware or numerical models.
'Dew' has a variety of definitions. Here, surface moisture, e.g., on grass at dawn, may include water from
condensation and guttation (water exuded from plant tissue). Dew is water from condensation, but dewfall is
solely dew deposited from vapour in the lower atmosphere (dew whose recent origin is soil moisture is termed
distillation). Patterns of urban dew are much less well known than those, say, of urban temperature or of dew on
rural crops. The urban surface has a complex geometry, so creates a complicated mosaic of surface
microclimates. So there is likely to be a greater variety of patterns of urban dew compared rural dew. In the
absence of documented evidence the general consensus is that dew is absent, reduced or delayed in cities;
reasons are listed in Table 2. Very little measured data exist {3, 4) to support, or refute, these generally held
opinions about the characteristics of urban dew.
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Table 1: Some implications of the presence of dew
Climatology

Atmospheric PoUution

Inhibits radiation fog; Provides water for evaporation; Delays morning warming;
Alters energy partitioning and Bowen ratio; Depletes near-surface humidity;
Reduces resistance to evapotranspiration.
Enhances deposition of air pollutants; Facilitates chemical damage of buildings and plants.

Natural Sciences

Provides drinking water for birds; Acts as a buffer to redu.c e plant transpiration;
Can be a weather hazard for insects; Creates dewbows, heligenschein & sylvanshine.

Applied Sciences

Fosters fungal growth; Hinders efficiency of fungicides; A potential water source in desert.

Table 2: Reasons given in the published literature for the 'lack' of urban dew

Warmer air and surface temperatures

Reduced sources of moisture

Reduced wind speeds

Nocturnal urban heat island

Sealed surfaces

Drag of the city

Reduced rates of surface cooling

Rapid runoff

Shelter in street canyons

Reduced humidity

Lack of vegetation & exposed soil

METHODS

Observations at the fuH-scale
The observational programme consisted of temporal and spatial surveys in Vancouver at several scales (0.02-25
km). Here, micro-scale studies in urban parks and residential sections are discussed. The amount of surface
moisture accumulated on grass at dawn was measured by blotting. Oke (5) reports that meso-scale patterns of
near-surface air temperature for Vancouver indicate a correlation between the nocturnal urban heat island
kn 2 -o.s
magnitude and weather: <1> w =

(1 -

)u

where k relates to cloud height, n is cloud cover, and u is mean wind speed. Weather conditions that favour a
strong nocturnal urban heat island (clear skies and light winds) also favour dew, so it was postulated that «l>w had
usefulness here, to summarise nocturnal weather conditions when dew potentially forms.

The out-of-doors scale model
The model was constructed at 118-scale and run outdoors at the University of British Columbia during fine
summer weather in 1996, after a trial in 1994. The model (Table 3) consisted of a row of scaled houses with
front lawns, fronted by a model street made of concrete slabs, a row of small street trees and an extensive area of
short grass; the latter, to simulate an open urban park. Surface moisture and dewfall were measured in the model
along a central transect using blotting, electronic wetness sensors and micro-lysimeters; the latter were installed
in the model roof, lawn, park and under a small tree. Surface temperature and ambient environmental conditions
were also monitored. A general comparison was undertaken to assess whether aspects of the model behaved
qualitatively and quantitatively in a 'realistic' manner. Good agreement was found between the absolute surface
temperature and moisture conditions on the model, and on selected full-scale buildings and their surroundings.
Formal scaling criteria (Table 4) were addressed so that the model's behaviour would mirror that at the full-scale,
and, in theory, mathematical relationships would exist between parameters measured at the two scales. Unlike
most scale models, the desired outcome was that surface temperatures in the hardware model be the same (not
merely proportionally similar) as those for a full-scale building at similar locations on its surface and at similar
times of day. The postulate was that, given similar ambient conditions, the model would then accumulate similar
amounts of dew, compared to its full-scale equivalent.
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Table 3: Elements in the scale model

Element

Description

Vegetation

Lawn

=2.5 m wide; Open urban park =7.5 m wide

5 cedar+ 5 maple trees (1.2-1.5 m tall) in sections and bordering street/park edge
Buildings

3 houses ( 1.08 m tall) with plan area = 0.84 m2 ; Asphalt shingle roofs at 45° pitch
Wooden construction with expanded polystyrene and/or still air insulation

Street

Concrete paving slabs =0.08 m thick; 1.0 m wide

Table 4: Implementation of formal scaling criteria

Scaling ofthe physical domain
Spatial dimensions

Scale overall geometry by 1/8; Scale wall thickness according to ITM (see definition in text)

Tempora.l period

Operate in real time

Temperature field

Mimic absolute surface temperature in real time using ITM

Environmental gradients Design array to avoid edge effects related to reflection and sky view factor, '1'5
Assume vertical environmental gradients are less important than surface conditions

Scaling ofphysical processes
Radiation

Operate out-of-doors using real surface materials and naturally occurring radiation

Convection

Assume this is less important at night in conditions when dew fonns (light winds)

Conduction

Use real building materials at full thickness according to ITM

The model used the Internal Thermal Mass approach (ITM) to scaling to ensure that surface temperatures were
conserved. This builds on methods devised by McPherson (6), which are rooted in engineering and human
bioclimatology. Under ITM, the overall dimensions of buildings are scaled geometrically, but walls, floors and
roof are constructed at full-scale thickness and using realistic materials (e.g., wood, insulation, shingles).
Similitude of thermal inertia is based on regulating internal thermal mass, cMi (the sum of interior walls and
house contents). CMi scales according to the internal thermal mass of the model (m) and full-scale building (h),
and the volumes of respective exterior walls (i.e., walVfloor/roof composites Vwm and Vwh):

For buildings with thin walls compared to their width CMim/CMib approaches F, where F is the scaling factor e.g.,
1/8. A small error is involved in using this simple relation, instead of a detailed computation of true wall volume,
because walls overlap at their junctions; so comer volumes are overcounted. In practice, the error is
conservative: slightly more thermal inertia is added, the model cools more slowly, so dew tends to be
underestimated. Thermal inertia is supplied by adding a calculated mass of bottled water to the interior of the
model.
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The numerical model
The rural leaf-wetness (dewfall) model of Pedro (7) seemed a suitable candidate for modification to urban uses.
Preliminary simulations were undertaken to predict dewfall on a flat asphalt shingle roof, but ultimately it is
desired that a comprehensive urban model be developed. The crux of Pedro's original model for a 2-sided leaf is
expressed:

AT~ aK In +acaK In

+ elln- eaT.

4
-

2hv (q .a- q.)

2hv(C 8 /1.07L v)+2hvS+4eaT

3

where K is shortwave and Lis longwave radiation, a is shortwave absorptivity, a is albedo, e is emissivity, a is
the Stefan-Bolzman constant, Tis temperature in Kelvin, T is the mean. and AT the difference between surface
and air temperature, s is the slope of the saturation humidity vs temperature curve evaluated at T, L is latent heat
of vaporisation, c is specific heat, h is the convective transfer coefficient, q is humidity and q• is saturation
humidity; subscripts c, a, in, v and c refer to canopy, air, incoming radiation, water vapour, and convective
transfer, respectively. But for a roof plane, vapour fluxes are confined to one surface and a conductive sensible
heat flux (Q0 ) is required; the latter is not provided in Pedro's model for a leaf. Hence the crucial equation was
modified to:

where subscripts k, r and u refer to conductive heat transfer, roof, and the underside of the roof surface,
respectively. The conductive heat transfer coefficient, hk, was derived from frrst principles after reviews of the
thermal engineering.literature, i.e.: hk

1
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where k is thermal conductivity, x is thickness, and subscripts i to n indicate individual layers of wood, shingle,
still air and so forth in the roof. The resulting 'roof equation is solved iteratively. Eventually the latent heat flux,
. Qe, is calculated using: Oe = hv r - <la) where hv is an empirical function of wind speed. Finally, to determine

(q•

the amount of water present at a given time, a time-dependent water budget is solved using: E = Qe + LvPw
where E is mass flux of water and Pw is water density. Deposition ceases when E turns positive, surface wetness
persists until E has been positive for sufficient time such that all water accumulated on the leaf or roof has
evaporated; it was assumed that the roof was neither a source nor ·sink for water. The model was written in
FORTRAN and run in time steps of 15 min, from 1 h prior to sunset until dawn. If, at dawn, dew was present,
the model was run until accumulation ceased, typically within 0.5 h of official sunrise.
RESULTS

Surveys at the fuU-scale
The studies indicated that the primary controls on dew amount were weather controls and the radiative cooling
potential of the surface. At open sites (sky view factor, 'Ps>0.80) the amount of surface moisture at dawn was
closely related to cl>w; addition of a humidity deficit term would probably increase the power of this relation. The
intrinsic thermal properties of surfaces were secondary to the control exerted by weather. The most favoured
materials were those which cooled rapidly after sunset, e.g., grass blades, least condensate was found on surfaces
with a strong subsurface sensible heat flux, e.g., paving, or anthropogenic heating. Asphalt shingle roofs were
often sites of significant wetness (-0.4 mm per night). A well-insulated shingle roof, with open exposure to the
night sky seemed to be a favoured site for dew deposition, when moisture and wind speed were not limiting.
Where site geometry was complex, e.g., a house section, spatial patterns of dew were also complex, and (for a
given substrate) these closely followed '¥5 • It is postulated that '¥5 acts a reasonable surrogate for a more
complete description of the net radiation budget of surfaces at night, during the weather conditions when dew
typically forms. The underlying mechanism is interpreted to be the systematic increase in longwave radiation
loss that occurs when a smaller proportion of the cold night sky is obscured by relatively warm objects (trees and
buildings). Thus maximum amounts of dew were seen at open locations, whereas areas under trees and close to
buildings showed little or no accumulation.
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The out-of-doors scale model
Spatial distributions of surface wetness observed on the 1/8-scale model were similar to those seen at the full
scale, for sites with similar geometry. Line transects of apparent surface temperature and of surface moisture
showed a strong inverse correlation between the distributions of these two measures. Again, as in full-scale parks
and sections, the primary control on surface moisture amount appeared to be radiative cooling potential. This
location effect was best seen during weather strongly favouring dew (large cl>w) when longwave radiation cooling
was the dominant mechanism of surficial heat loss, but consistent patterns were also present in less than ideal
conditions. Typically, more surface moisture (e.g., 0.12 nun per night) was seen on grass at sites with large 'l's
such as the model park ('1'5 0.98) and less surface moisture (e.g., 0.03 mm per night) accumulated where 'l's
was reduced under model trees ('1' 5 = 0.70) and close to buildings ('1'5 0.49). During a portion of the modelling
programme, the 10 trees were removed from the model. This meant the 3-D geometry of the array altered
significantly. Associated spatial trends of '¥, were less complicated and so, too, were patterns of moisture
accumulation.

=

=

The model roof was a preferred site for dewfall accumulation; this agreed with patterns seen at the full-scale. On
almost all nights with dewfall the amount deposited on the model roof exceeded that sensed on grass in the
model park, and mean amount (0.09 vs 0.04 mm) and maximum amount (0.18 vs 0.09 nun) of dewfall were
larger for the roof compared to the park. Dewfall was absent on walls on all nights. These had negligible 'l's and
were in contact with the residual heat reserves of the house interior, so remained warm and dry through the night.
No dewfall was observed on tree foliage in the model. Measurements of leaf temperature suggest that leaves at
this site seldomed cooled far below the ambient air temperature; air movement appears to have been sufficiently
consistent at night as to inhibit dewfall.

The numerical model
Output from the numerical model was tested against dewfall data gathered using a micro-lysimeter set into a roof
surface, for convenience, that in the hardware model. The presence-absence of dewfall on the roof was
successfully predicted on 15 out of 16 nights (94% of nights). Dewfall amount was successfully predicted on 6281% of nights (to ±0.02 and ±0.05 mm per night, respectively). The skill of the model was confirmed by several
statistical indices (Table 5). Absolute differences were small, and a high level of agreement existed for the sets,
i.e., D ::; 0.87 where 1.0 is perfect and 0.0 is no agreement). Examination of the 15 min data (not shown)
indicated that correspondence between the course of predicted and observed dewfall amounts was remarkably
good. This was especially true on nights that were 'ideal' for dewfall accumulation. The model showed some
skill in identifying the time of onset of dewfall (±1.0-2.0 h) but better skill (±0.25-1.0 h) in identifying the time
of the daily dewfall maximum. Good skill was also shown in detecting nocturnal points of inflection, when
dewfall amount decreased for a short period.
Table 5 : Sununary of statistical indices used to test the skill of the 'roof' dewfall model.

Predictelf

Observetf

n (days)

Mean

SD

Mean

SD

Error

16

0.08

0.06

0.09

0.06

0.03

0.04

0.87

1 Root Mean Squared Error; 2 Willmott's coefficient of agreement (8, 9); 3 Units nun.

DISCUSSION
Despite its relevance to many aspects of urban climate, and to several practical questions, urban dew has largely
been ignored. This is due, in part, to the basic difficulties associated with measuring small fluxes such as dew. In
the city such basic logistical problems are compounded by the sheer complexity of the physical system. The
present study uses simple observations, an out-of-doors scale model, and numerical simulation to describe
patterns of dew in urban environments (9). The observations at the full-scale in Vancouver create a unique set of
urban dew data, and help to build an intuitive understanding of the controls on surface moisture at urban sites
with complex configuration. The out-of-doors scale model performs well. It provides significant information
about the behaviour of several artificial materials (wood, asphalt shingle and concrete), and confirms that
amounts of dewfall deposited to a shingle roof may be significant when weather is favourable. The outcome of
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the scale modelling is encouraging because ITM has not previously been tried to simulate moisture conditions.
The preliminary numerical simulations suggest that it is feasible to model dewfall on urban surfaces using
Pedro's approach, with modifications for building materials. More importantly, it is a first step towards a
rigorous and more comprehensive model to predict areal distributions of dew in urban settings. The main
findings of the study are summarised:
•

Surface moisture and dewfall accumulation is ultimately controlled by weather and the nature of the
substrate, but effects are modified by effects relating to the net radiation balance of the surface, which is
strongly linked to site geometry {'1'5) and whether surfaces are isolated from heat sources, e.g., Qo.

•

Dewfall may be abundant on grass at open urban sites and on asphalt shingle roofs, but tends to be absent
from surfaces that stay warm through the night, e.g., paving.

•

Spatial patterns such as links between '1'5 and moisture accumulation are most evident when dew is
moderate-heavy; they are less apparent when dew is light.

•

In environments possessing complex geometry, such as a city neighbourhood, spatial patterns are also
complex.

•

Whilst small, dewfall is not a negligible term in the urban water balance.

ACKNOWLEDGEMENTS
Research was supported by a grant to Prof Oke by the Natural Sciences and Engineering Research Council of
Canada, and University of British Columbia Graduate Fellowships and Teaching Assistantships to Dr Richards.
REFERENCES
1. Mattsson, J .O. 1971. Dagg som klimatindikator. Svensk Geografisk Arsbok 47: 29-52.
2. Grimmond, C.S.B. 1988. An evapotranspiration-interception model for urban areas. Ph.D. thesis.
(Vancouver, Uni. of British Columbia).
3. Myers, T.M. 1974. Dew as a visual indicator of the urban heat island of Washington. D.C. MSc thesis.
(Maryland, Uni. of Maryland).
4. Mattsson, J .O. 1979. lntroduktion till mikro-och lokalklimatologin. (Malmo, Liber Laromedel).
5. Oke, T.R. 1998. An algorithmic scheme for hourly urban heat island magnitude. Preprints Am. Met. Soc. 2nd
Urban Environment Symposium (Boston, American Meteorological Society).
6; McPherson, E.G., Simpson, J.R. and Livingston, M. 1989. Effects of three landscape treatments on
residential energy and water use in Tucson, Arizona. Energy and Buildings 13: 127-138.
7. Pedro, M.J. and Gillespie, T.J. 1982. Estimating dew duration. I. Agric. Meteorology 25: 283-296.
8. Willmott, C.J. 1984. On the evaluation of model performance in physical geography. Spatial statistics and
models, edited by Gaile, G.L. and Willmott, 443-460.
9. Richards, K. 1999. Observation and modelling of urban dew. PhD thesis. (Vancouver, Uni. of British
Columbia).

502

CHAPTER 11

RElvtVTE SENSING ANV GRVUNV -'BASEV
V'BSERVATIVNS ()f TflE URBAN
'BVUNVA RY LAYER

503

MULTI-TEMPORAL REMOTE SENSING OF AN URBAN HEAT ISLAND
J. A. Voogt1 and T.R. Oke2
1.
2.

Department of Geography, University of Western Ontario, London ON. N6A 5C2 Canada
Atmospheric Science Program, Department of Geography, University of British Columbia, Vancouver,
BC V6T 1Z2 Canada

ABSTRACT
Studies of the urban heat island using thermal remote sensors have largely been restricted to spatial analysis of
temperature patterns available at the times of satellite over-passes rather than at times critical to the formation of
the heat island. In this study, a series of four remote sensing flights using a helicopter-mounted thermal scanner
was conducted during the formative period (mid-afternoon, sunset, midnight, and pre-dawn) of the urban heat
island. High resolution thermal imagery was obtained along an urban-rural transect which included a range of
typical urban land-use areas. Simultaneous observation of canyon-level air temperature was made using
automobile traverses. Results of the spatial and temporal development of the surface temperature patterns are
discussed in this preprint. The surface temperature observations are compared with the SHIM force-restore
model, providing the first validation set of ruraVurban surface temperatures for that model. The available
comparisons indicate the model performs well.

INTRODUCTION
Surface and atmospheric modifications arising due to urbanization of a landscape generally lead to a modified
thermal climate which is warmer. This phenomenon is known as the urban heat island (UHI). Heat islands can
be defined for different layers of the urban atmosphere (e.g. urban canopy layer, and urban boundary layer), (1)
and for various surfaces (see e.g. (2)) and the subsurface. Observation of atmospheric heat islands have been
made using fixed sensors and traverse methodologies. Observation of surface urban heat islands (SUHI) have
been made for specific surfaces with ground based instrumentation (e.g. hand-held infrared thermometers), using
remote sensors mounted on aircraft or satellites, or from model output.
Remote observation of surface heat islands by satellite or airborne sensors provides advantages in the near
simultaneous observation of spatial variations of surface temperature across the urban landscape. However, the
relationship between surface and atmospheric heat islands is complicated. To date, observations of surface heat
islands have been restricted to relatively few times during the diurnal cycle. Often, observations are made near
the time of minimum and maximum surface temperature (e.g. 3), at times selected to optimize heat island
development (e.g. 4) or at times available from satellite orbital parameters (e.g. 5, 6) which may, or may not be,
optimized to times of maximum and minimum surface temperature. To date, no study has attempted to combine
multiple remote observations of the surface heat island at times considered important to the formation of the heat
island, with coincident surface layer measurements. This paper reports results from a study in which four remote
sensing flights were conducted over a diurnal period in conjunction with automobile traverses of canopy layer air
temperature and available satellite (AVHRR) imagery.

METHODS
Coincident traverses of air and surface temperature over a rural to urban land use transect were made by
automobile and airborne observing systems. Traverses were conducted at: 1530, 2030, 0000, and 0500 LDT
during the period 24 Aug. 1500- 25 Aug. 0600, 1992. Conditions were characterized by clear skies and a
daytime sea-breeze circulation under a stationary high pressure system.. These times coincide with: 2 hours after
solar noon (5 hours prior to sunset), sunset and 4 and 9 hours after sunset. The automobile route began in a rural
(agricultural) region and then progressed through: rural highway (low density residential development),
warehouse/industrial, residential/commercial, commercial/residential, light industrial, downtown, and park areas.
The traverse route was then retraced to the start point. The helicopter traverse was similar to the outbound
automobile route, with the exception of some additional transects in the rural (agricultural area), and a different
route between the light industrial and downtown areas (see Table l, and Figure 1).
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Table 1: 1. Helicopter traverse times and routes.

Date

Time

Aug. 24
Aug. 24
Aug. 25
Au. 25

(PDT
1500-1625
2000-2046
2355-0045
0450-0600

Flight

9
10
11

12

Route*

Altitude (m)

Pk, Lines, Com, Dt, Ll, Cal, Com, Res, Wh, Hwy, R, YVR
R, Hwy, Wh, Res, Com, Ll, Cal, Dt, Pk, YVR
R, Hwy, Wh, Res, Com, Ll, Cal, Dt, Pk, YVR
R, H , Wh, Res, Lines, Com, U, Cal, Dt, Pk, YVR

2134
1524
1524
1524

*Site codes: Pk - urban parks, Lines - Flight lines in residential area flown to coincide with A VHRR satellite
overpasses in the source area of the Sunset Meteorological Tower,
Dt- downtown, LI - Light Industrial, Cal - Calibration site, Com- Commercial, Res - Residential, Wh Wharehouse, Hwy- Highway and rural/suburban, R- Rural fannland, YVR-Vancouver international airport

Apparent surface temperatures were measured using a thermal scanner (8-14 J.IID) mounted in a helicopter. The
scanner images frames of 280 x 140 or 140 x 140 pixels within a 12° field of view. Observations were
conducted from altitudes of approximately 2100 m (mid-afternoon flight) and 1500 m {all other flights) which
yield imaged areas on the ground of 450 x 450 m- 320 x 320m respectively. Individual pixels have length
dimension on the order of2-3 m depending upon scanning altitude. All thermal imagery was corrected for
atmospheric absorption and re-emission in the layer between the sensor and the ground using the LOWTRAN 7
atmospheric radiation transfer model (7). Vertical profiles of temperature and humidity in the lower atmosphere
were obtained from locally launched radiosondes. Upper atmospheric data was obtained from one of the two
nearest reporting stations: Port Hardy, BC or Quillayute, W A. Corrections applied to the helicopter imagery
were tested against independent ground-level.observations of surface temperature from grass and concrete
surfaces; agreement was generally good during the evening flights, with greater discrepancies noted during the
early afternoon flight for the grass surfaces.
No correction is made for temperature changes with time; direct traverse flights were accomplished in less than
25 minutes (evening and midnight flights). Those flights incorporating additional flight legs over the residential
area took longer (mid-afternoon 35 minutes, pre-dawn 48 min). Changes in surface temperature with time can
be expected to be most important during the mid-afternoon and sunset flights due to changes in solar radiative
loading and radiative cooling respectively. Air temperature data was corrected for cooling during the time of the
traverse, assuming a linear rate of cooling between the start and end times so that temperatures represent those at
the beginning of the traverse.

RESULTS
Surface Heat Islands
Surface temperatures obtained from day and night overpasses of NOAA-11 A VHRR Channel 4 are shown in
Figure 1. The traverse route is represented by the black line and major land use areas are indicated. Results are
similar to those presented by (5) with land use type providing a dominant control on surface temperature. Of
particular relevance to the assessment of the urban heat island is the variability of surface temperature in the
"rural" areas, both day and night. The rural traverse route lies just to the west of a peatland which provides for
strong spatial contrasts in surface temperature along an approximate east-west transect.
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Figure 1. NOAA-11 AVHRR Channel4 images of Vancouver for (left) 24 August, 1524 LT, (right) 25 Aug.
92 0522 LT. Helicopter traverse route shown in black. Grey scale is saturated for low (high) temperatures
for day (night) passes respectively to enhance image over land. Grey scale is in degrees Celsius, and
images are corrected for atmospheric effects.
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Figure 2. a) Surface temperatures obtained from helicopter transects (lines represent a 5 image running
average of surface temperatures along the traverse route) and along a corresponding transect on NOAA11 AVHRR channel4 imagery. Error bars represent standard deviation of surface temperature in 3 x 3
pixels surrounding the traverse route. Temperatures corrected for atmospheric influences but not surface
emissivity. b) Surface heat island growth from sunset. Satellite data show the UHI value based upon rural
temperature near farm location, lines represent range of UHI values based upon range of rural
temperature observed.

The airborne traverse data also show variability of the rural surface temperature, even within the confines of a
single farm (Figure 2a) which is restricted to the southern most 25-30% of the rural traverse route. In Figure 2b
the variability in rural surface temperature is used to show the range of possible UHI values which could be
obtained by selecting different rural values from the image. The range of urban temperatures, at least within the
main confines of the city is lower (Figure 2a). We note the generally good agreement between satellite and
airborne imagery, with the exception of the daytime rural site.
Airborne derived daytime SUHI values are greatest for the LI and warehouse sites (similar to (5)), with
downtown and residential sites much cooler. Satellite observations show lower values in accordance with the
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difference in rural temperature between the two observation platfonns at this time, but a similar ordering of
sum by land use area. The relative difference between land use areas is minimized in the larger scale satellite
pixels. We note that the airborne data uses a traverse route centred on major roadways (except for the rural
transect), and this procedure may tend to increase the daytime SUHI values. Differences between SUHI values
are minimized at sunset and then increase again during the night time between the major land use categories.
From sunset onwards, a re-ordering of SUm by land use also takes place. SUm become are largest for
downtown sites, followed by the Light Industrial (near the urban core area), commercial/residential and
residential sites. By the end of the night, the residential site shows a slightly larger SUHI than the
commercial/residential mix. The warehouse site, located on the urban fringe exhibits a significant drop in SUHI
through time, and is clearly the coolest by the end of the night (airborne data).
Modelling Surface Urban Heat Islands

The current study presents an opportunity to test available models of urban surface cooling. Here we present
some results using the SHIM (Surface Heat Island Model) of (8). A limitation of the initial model validation
presented by (8) is the use of screen-level air temperature in the urban rural comparisons due to lack of available
data. The current study provides near-synchronous "snapshots" of the surface temperatures at three important
times: Flight 10; conducted at sunset provides the required starting temperature for the simulation; Flight 1_1,
conducted approximately 4 hours after sunset provides a mid-cooling period validation point, and Flight 12,
which occurs near the end of the cooling period is used to assess the ability of the model to reach the minimum
observed surface temperature.
The SmM model can be used to represent the cooling of both rural (flat, unobstructed) surfaces, as well as urban
canyons (canyon floor and walls). In addition to initial (sunset) surface temperatures, the model requires as input,
a "deep" temperature, incoming 1ongwave radiation, sky view factor (and in urban canyons, view factors for all
surfaces), surface thermal admittance (J..l), and surface emissivity. For simplicity of comparison we employ two
assumptions: (1) We set surface emissivities to 1.0 and provide input and validation data as apparent surface
temperatures from the thermal remote imagery. (2) We use, as validation data, mean image apparent
temperatures from a series of thermal images taken over a particular land use area. Each image covers roughly
320 x 320 m on the ground, thereby including much of the spatial variability of surface temperature in urban
areas (9). This is reflected in the relatively small standard deviations from the series of image mean temperatures
(Figure 3). Within image standard deviations are much larger; typically 2-.3 degrees, depending on the time and
1anduse area.
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Figure 3: Modelled Oines) and measured (symbols) surface temperatures from various land use areas
along the traverse route. Input data is shown in Table 2. Error bars represent the standard deviation of
sequential image mean surface temperatures taken along the traverse route. (320 x 320 m area).

We initialize the model with mean apparent image temperatures taken from the sunset (Flight 10) traverse. In
effect we are modelling using a "bulk" surface approach where mean temperatures are combined with a
representative HIW of the land-use rather than a microscale approach (separately specifying roof, wall and street
508

temperatures and specific canyon geometry). The SHIM model may be used to generate separate model runs for
roof and urban canyons and to then combine the results, using appropriate areal weigbtings. This approach
requires some fwther analysis of the images to extract representative starting and validation temperatures
appropriate to canyon floor and canyon roof surfaces; we intend to test this approach in the future.

Table 2: Input parameters for SHIM model.

Parameter
Tstc (0 C)
T.(OC)
Tc1 <*> (OC)
Td(w) (0 C)
HIW
Pstc (1m-2 s·112 K. 1)
(1 m·l s·112 K.1)

Downtown
17.5
17
16.3
20
1.1

1500
1300

1i ht /TIIillstrial
16.73
16
16.3
20
0.5
1400
1300

Warehouse
16
15.5
15
20
0.25
1500
1300

Residential
15.19
15
16
20
0.33
1500
1300

Rural
10.67
14.5
0
925

Model input parameters used for the simulations are shown in Table 2. We have used the following procedures
for specifying the input parameters to reduce where possible the number of "tunable" parameters:

T4 (Jfc>
Deep temperature below the horizontal surfl()e. A 2 day mean air temperature from
00 LT 23 Aug. 92 - 00 LT 25 Aug. 92 is used. Three measurement sites provided data: data from a
temporary site in the U area is used to represent the Downtown and Light~ deep
temperatures, surface level air temperature from a station at a Delta farm on ·the: traverse route is
used to Specify the Rural deep temperature, and the Residential values were obtained from
measurements taken at the co-located Sunset tower. 'The Warehouse values are estimated as
intermediate between the rural and residential values.
- .. ·
. .Td <•> . .
Deep temperature below wall surfaces. An approximation of a steady internal
building temperature of 20°C is used.
T w Wall surface temperature. At times near sunset, the differentiation of surface temperature is
minimized. We estimate Twas generally slightly less than Ts~c at this time.
JJstc Surface thermal admittance. This was estimated from tables. We use as starting values, those ·
estimated for Vancouver by (8). Estimates were revised downwards in the Light Industrial area.
The rural value is an estimate based upon simulations versus observations.
JJwaJJ

Surface thermal admittance for walls. We adopt the value from (8)

H/W
Canyon height to width ratio; used to calculate the view factors for other canyon
surfaces and the slcy. HIW is estimated from field observations and GIS calculations. We plan to
update these with values obtained from fish-eye lens photography and with more direct calculations
of areally averaged view fac.tors.

Set to 1.0 for all surfaces. Input and validation temperatures are apparent (brightness
temperatures) corrected for atmospheric, but not surface emissivity.

£

U.. Estimated using ( 10) from measured Tair and vapour pressure calculated from measured RH at
the Delta farm station. In the version of the model we use, U is updated at 30 min intervals in the
rural simulation, and 60 min intervals for the urban simulation.
The model simulations are compared to observations extracted from the airborne thermal imagery in Figure 3.
Results show good agreement for each of the land use areas tested. In the absence of direct information on the
rural thennal admittance, this value was used as a "free parameter" and was adjusted to provide a reasonable fit
2 112
1
to the observed apparent surface temperatures. Thermal admittance values in the range 900-950 J m· s" K
provided the best fit. These values are reasonable; summertime rural J.l. values for the Vancouver area in the
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range 790- 1190 J "2 s· ~ ~ 1 are reported in (8). The inflection point evident in Figure 3b, is a result of the time
varying U. used as model input, and which showed a small coincident rise at this time.
The urban surface p.. value was also adjusted in the Light Industrial simulation. The slightly lower value used
may be a reflection of the very small areal coverage of vegetation in this area, coupled with a larger than normal
coverage of gravel and dirt surfaces associated with some parking lots and industries in the area. The urban p
values as used by (8) yielded good results for the other sites, despite the large difference in land use. In the
Downtown and Light Industrial areas, the actual surface exhibits more cooling than is modelled; possibly
associated with advection of cooler air by northeasterly winds at this time.
SUMMARY
An initial surface heat island analysis is presented for multiple airborne traverses of surface temperature
conducted on a single summer night. Spatial analysis shows patterns similar to that of (5); significant variation in
estimated beat island magnitudes can be made depending upon the choice of ''rural" temperature. Different land
use areas under significantly different rates of cooling; these are modelled well by a simple force-restore model
using a bulk surface representation. Further combined analysis of surface and air temperatures is planned.
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ABSTRACT
Sensible heat fluxes for a light industrial area in Vancouver B.C. are modelled using a bulk heat transfer
approach. The models are initialized using remotely sensed surface temperatures, from airborne and groundbased observing platforms, to specify fully the urban surface temperatures. Observed fluxes from eddy
covariance equipment mounted on a tower are used to assess the parameter kB-1 (the ratio of roughness length of
heat to momentum), and its sensitivity to different methods to specify surface temperature. In addition, the
microscale variability of surface temperature and conductance are examined by partitioning the surface into a
number of components following the method of (1 ). Estimates of kB-1 for the site are in general agreement with
theoretical estimates for bluff-rough surfaces. Empirical relations derived for vegetated surfaces using -0*/1:!.9 are
shown to agree well with our results. In this dry environment, estimates of sub-component conductances do not
yield meaningful results all day. This is attributed to the thermal inertia of urban building materials keeping
shaded surfaces warm.

INTRODUCTION
Much attention has been directed to the use of remotely sensed data to model surface heat fluxes. Urban areas,
both in terms of surface materials and morphometry, provide a contrast to the wholly or partially vegetated
systems so far studied. Here, observed surface sensible heat fluxes (Q8 ) for a light industrial area within the city
of Vancouver, B.C. are compared with modeled values based on the bulk transfer approach (2).
The site chosen consists almost entirely of bluff-body elements (rectangular, flat-roofed buildings) with very
little(< 5% plan area) vegetation cover. The complete to plan area ratio (AJA,; A.:) is 1.4. The general simplicity
of the bluff elements (buildings) allows them to be represented as solid rectangular objects. The combination of
buildings on a flat surface represents a more complex system than the two component-system applied to
vegetation. However, the increase in surface components is offset by our ability to obtain detailed temperature
observations representative of these surfaces. The objectives of this research are to assess: a) the parameter kB*1
over a simple urban surface; b) bulk and microscale approaches to model Q8 from an urban surface; and, c)
spatial variability of surface temperatures within modeled source areas and the impact on Q8 •

METHODS
When modeling QH, the surface can be represented either as a single entity, which employs bulk transfer
equations applicable at the local scale (the bulk response}, or multiple entities, where microscale variability
within the local scale area is aggregated.
For the bulk representation, a surface temperature (T3 ) is considered representative of all the surface elements at
the local scale:

(1)
where Ca is the volumetric heat of air, Ta is the air temperature above the surface, Ra is the aerodynamic
resistance, C8 is the exchange coefficient for heat, and U is the wind speed. The resistance Ra may be written (4)
as a combination of the resistance between air temperature at height zr-zoM (the displacement length plus the
roughness length for momentum) and the sensor height (z3 ) , and an excess resistance, k/J'1 (=In (zOMiz08)), which
parameterises the resistance that heat encounters as it diffuses across the boundary layer, and/or the differing
heat source and momentum sink locations (5):

(2)
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Here ZQH is the roughness length for heat, 'I'" and 'I'M are the stability corrections for heat and momentum
respectively, ,,. is the friction velocity and k is von Karman's constant (0.4). Recognition of the inherent
problems with ZQH, led (6) to propose that when radiometric temperatures are used in eqn (1), CHis replaced with
CHR· Variation in CHR can be explained by CnR =a(-8. 1AS), where e. is defined as - w'eiju. , and

w'e' =Qn f C

is the kinematic heat flux, and a = 0.11-0.12 (6). CHR can be derived independently of zOH. The
roughness of the surface influences u. but exerts only a secondary influence on CHR· A relation for the
radiometric roughness length for heat is ln(zoHR) =c1 + c2 (-AS/ e.) with values of 1.53 for c, and -0.37 for c2.
0

OBSERVATIONS
Results from this study are based upon observations made on Aug. 15, 1992 (YD 92/228) and Aug. 24, 1992
(921237) (Table 1). Flux source areas, the effective areas on the ground which influence the measurement of a
scalar flux. were calculated using the FSAM model (3). This source area model is two-dimensional and does not
take into account the surface structure beyond z0 and ztf. However, the effects of vertical surfaces are included in
this analysis by including off-nadir and vehicle traverse temperature data. Here, for zOM and Zt~ Raupach's
methods (1996) were used.

Table 1. Observed data, platforms, iastrumeats aad periods used.

Observed Data
Sensible Heat Flux
T•• U

Platform
Instrument
Period
Notes
28m tower 1-D sonic anenometer 92/222-238
Mobile pump-up tower.
9 m tower
Various
92/222-238 Co-located with 28m tower.
921228 1O·OO Atmospheric and e corrections
thermal scanner
Radiometric Surface
921228 14;00 applied. Off-nadir 9~28
helicopter
only. Approx. resolubon:
Temperature (airborne)
921228 17.15
(8-14 J.Uil)
921237 15 :45 0.5><1 m 921228, 1.5x3 m
921237.
.
Emissivity corrections
Radiometric Surface
92/228
IRT (8-14 J.U11,
truck
applied; times coincide with
Temperature (gro\Uld-based)
l5°FOV)
airborne data
Radiometric Surface
Fixed observations of
IRT (8-14 JUD),
921222-238
:(ground-based) fixed sensor
Tem
15/60°FOV
individual buildinR walls.

Temperature representations which combine data from the different platforms and a surface database (GIS) were
developed (defined in 7). The aim is to overcome the viewing biases inherent in the use of remotely sensed
radiometric surface temperatures.
The synoptic conditions on both study days were characterized by generally clear, sunny skies, warm
temperatures and a sea·breeze circulation. At this site, the sensible (QH) and storage heat fluxes (6Qs) are the
most significant output fluxes (QH/Q£-2.5).

~ . ~--~--~--~~--~--~~

500

E300

~200

~

100

0 ~----~~----------~~~
·100 L.::=:t:::~l...--1--1-_.::~~
0

Time (POT)

Figure 1: Sensible heat nux (Q,) and oet all wave radiation (Q*) for 9l/ll8 and 9lll37 and the ensemble
meaa for tbe observation period (l).
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RESULTS
Back-calculated k8

1

Key to the ability of bulk transfer models to simulate surface heat fluxes is the appropriate specification of the
parameter kB-1• Values of kB- 1 were calculated for each time period, with the different estimates of surface
temperature (7). Values range from 15 to 33; and depend on the surface temperatures used. In general, those
calculated with nadir and off-nadir surface temperatures are higher than those that use the complete temperature
(Tc) values (kB" 1 reduced by 5-10). For the nadir thermal imagery (without consideration of wall temperatures),
kB- 1 values are mostly in the range 20 - 30. The use of the off-nadir temperature in the direction of the most
shaded facet provides kB·' values approximately the same as the Tc estimates. A diurnal pattern is evident in the
kB- 1 values calculated, similar to that observed in other environments. Higher values occur in the afternoon,
generally rising later in the day (Figure 2a). From Figure 2 b,c it can be seen that the larger kB-1 values are
associated with the largest [T,-Ta] values but not the largest Q8 . The kB- 1 values reported here for the light
industrial site are large relative to those determined for natural or agricultural surfaces (4,8). However, our
results are fairly consistent with the bluff rough curve from (9), but larger than the permeable rough curve from
1
(8) (both shown in Figure 2d). The variation in the values of kE around the tower ,using nadir temperatures, is
4-6 (Figure 2a). This range is similar to the variability between the different temperature methods.
The bulk radiative heat exchange coefficient (CnR) was calculated, and a fromCHR =a(-9. I ~e) determined as
0.135. Our value is slightly larger than that documented by (1), consistent with their finding that a increases with
increased height of z,. The radiometric roughness lengths for heat (z08R) are extremely small, ranging from 10-6 to
10"1s m. This suggests that similarity theory is predicting physically unrealistic values to compensate for the
inadequacy of the stability dependence of the exchange coefficient or aerodynamic resistance. These small
values have also been found by others (II). The values here are likely to be close to the extreme because of the
lack of vegetation at the site. When the relation between z08R and -~e I e. is analyzed, the coefficients are found
to be c 1=1.29 and c2= -0.388. These values are also similar to those derived by (6) again showing consistency
with other environments.
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Figure 2: (a) k81 values thr ough time (for days 228 and 237) derived using different surface temper atures
(7). The values tha t are offset slightly against the hour a re calculated using the rotated nadir imagery at
10° intervals around the tower; (b) Z41HR versus [Ts - TA)/Qu str atified by k8 1 values; (c) kB ·• values
versus [Ts - T.,) stratified by Qn values; (d) k8 1 values from the site superimposed on the bluff r ough curve
of (9) and the permeable rough curve of (8). From (2).

Two alternate formulations for estimating kB. 1 were also. tested. Using (11, eqn 18) a kB. 1 value of approximately
11 was determined. The complete aspect ratio (Ac = 1.4) of the study area (10), was used as the surface
characteristic needed for this method. The simpler (9, eqn 5.29) method results in kB. 1 between 26 and 29, which
appear more reasonable for this environment.
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Sensitivity of kK1 on ModeUed Qn
Clearly there is an inherent circularity in using back-calculated klr1 values to evaluate our ability to model Q8 .
Thus we investigate the implications of assigning particular kB"1 values for modeled Q8 . This is of more general
relevance because those wishing to undertake this type of modeling in urban environments in situations where
measured Qn is not available, likely will select just one, or a limited range, of kB"1 values. Our approach is to
assign a range of kB"1 values (2-60), and then to determine the average absolute difference between the observed
and the modeled fluxes.
First, the effect of the method to determine bulk surface temperatures is considered (Figure 3a). The lowest
overall I!:J.Qn 1 values (2.8 Wm.2) are obtained with the west facing off-nadir method, with a klr1 of 24 (Figure
2
1
3a); absolute differences of less than 10 wm· are obtained for klf values in the range 22 to 26. The second
lowest minimum 1!:J.Qn I values are from the north facing off-nadir method; for kB- 1 27 to 29 1!:J.Qn I < I 0 wm·
2

smallest kB"1 value where the minimum I!:J.Qn I occurs is 19 for method r., and the largest is at 28 for offnadir north. The choice of appropriate kB·' value, i.e., the one that minimizes the overall difference, is sensitive
to which off-nadir orientation the surface is viewed from. This is consistent with the findings of (9). Generaily,
the nadir and off-nadir results have a lower overall difference with measured data compared to the calculated
temperatures which take all surfaces into account.
• The

+ Nadir

.....
.....

kB''

Off-fladir N
Off-fladlr S
Offofladir E
Off-4'1adlr W

kB. 1

.,.. Ta.(l)
+ Tar.(tl
.... Tdltll
- Tc<t>
... Tcltl

...
-

Nadir .

228110
228114
237/16
228117
Average 228

.....
...
...
-

228110
228114
228117
237/16

-

228 (All times, all methods)

Figure 3: Absolute difference between the observed and the modeled Qn (I AQH I= I Qn meas - Qn mod I) for
varying kJT 1 values: (a) Bulk surface radiative temperature determined by the range of methods, results
are the average for three flights on day 228, data for 237 included in the nadir method; (b) results by time
period averaged for the 10 temperature methods; (c) bulk surface radiative temperature determined by
nadir method for seven time periods; (d) average difference between measured and modeled values for all
flights and temperature methods for given kK 1 values. From (2).

If the results of all methods are averaged together, diurnal patterns emerge (Figure 3b). I AQiJ I is minimized at
kB"1 16 for the first flight, at 24 for flight 2, and at 26 for flight 3. The afternoon data on day 237 are very similar,
although not identical, to those on day 228. If we consider results just for one temperature method, (nadir Ts), the
minimum I!:J.Qn I deviations between measured and modeled Q8 are all less than 3 W m·2 (Figure 3c). Thus the
difference in results between times (Figure 3b) appears greater than that between methods (Figure 3a). At the
2
later period (228/17) the range of kB" 1 values that are less than a I!:J.Qn I value of 5 W m· becomes larger; which
1
implies the sensitivity of kB" is reduced for all of the temperature methods at this time.
The bold line in Figure 3d summarizes the results across all times and methods, and illustrates the relative error
1
in Qn for a given kB"1 ( l!:J.Qn liQnmeas ). The lowest fractional error(< 15 %) occurs when kB" is 24-25.
However, the error variation around this point (Figure 3d) is small; kB" 1 values from 20 to 28 all yield an error
less than 20%. This indicates that if the general fluxes are of interest, and not specific values for a given time, the
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approach is fairly robust and insensitive to the exact klr1 value selected. The values correspond well with those
predicted using the bluff rough curve (Figure 2d, 26-29).
Finally, we can consider the implications of the exact area that is used to determine T3 • For the four flights, the
area for which the remotely sensed data were collected is large eno':'gh to sample a series of different directions
(source areas) at 10° intervals around the tower. Differences between measured and modelled fluxes 1AQH 1
were generally less than 10 W m·2 (varying klr1values for each time) when measured QH = 125 W m·2• If, for
each of the individual directions, we consider the minimum difference between measured and modeled values,
this occurs with a narrow range of klr 1 values ±4 - ±6. Therefore, we can conclude that for this study site under
the conditions analyzed, the exact area that is sampled for surface temperatures is not that critical; i.e., the results
spatially are quite consistent.
Microscale variability: Variation in conductances/resistances because of surface characteristics
An alternative approach to model QH, proposed by (1), uses temperature gradients and conductances for surfaces
within the domain of interest. The relative simplicity of the study area and assessment of the temperature
distribution allows a generalization of the surface into a limited number of components (roof, sunlit street,
shaded street, and each of the wall directions), which can then be used to assess this method.

The bulk transfer coefficient (CH) can be calculated by assigning the roughness length for heat equal to that of
momentum in eqn 2. This equivalence avoids the simultaneous tuning of the relation for aerodynamic
temperature and thermal roughness length (1). The aerodynamic temperature is related to the microscale surface
distribution of surface radiation temperatures (TR.;) for a surface of N different surface types, each with fractional
area coveragefi by:
N

To= ~g;ftTR.i

(3)

i=l

whereg;is the normalized heat conductance (the inverse of resistance) for the ith surface type and g 1 is the
conductance for surface type i

[ g;

=g; I g =g; I CH U ] and the product g; /; is a weighting function which is

constrained such that the sum of g1/; must equall. The aerodynamic temperature will, in general, be different
from the spatially averaged surface temperature, which can be approximated as the areally weighted surface
radiation temperatures. The surface fractional components can be simplified to consider the fraction that is sunlit
(F_,) or shaded (Fw), subject to the constraint F...,.+ Fw = 1, and the mean radiative temperature for the surface
is then the linear combination of areally weighted sunlit and shaded temperatures. Separation of the shaded and
sunlit street surface temperatures was accomplished using a limiting temperature for shaded surfaces.
The fractions varied with time, with FSll1l increasing from 0.45 to 0.57 through the day. The bulk aerodynamic
Surface temperature (T0), determined from eqn (1), is similar to the shaded surface temperature (T~~~a). T0 is
always greater than T.,, so there is a gradient heat flux. In all cases, the shade conductance (g.) is larger than the
sunlit conductance (g...,.). This is different to the findings of (1) from their study of a sunlit black spruce tree
canopy and shaded in the middle of the day, where To was very similar to the tree top temperature. (1) found the
ratio of the two conductances (g...,./gw,) was of the order of 16. In this study, the inverted ratios (g.Jg-) are of
that size.
A distinct feature of the data obtained in this study is that the g_, values become negative after solar noon.
Because of the constraints used to calculate the conductances, as g~~~a becomes larger, g_, is forced to become
negative. The two temperature gradients (TMI-T.,;,.and T,,.,-T.,;,.) are positive for all time periods considered. In the
urban environment studied here, the shaded surface gradient becomes larger in the afternoon. This is due to the
presence of surfaces warmed by direct morning irradiance, which now begin to cool slowly; i.e., surfaces remain
warm even though they are no longer sunlit. Prior to solar noon, shaded surfaces can be more clearly
distinguished..
In order to gain more general insight into what conditions can yield negative conductances, a sensitivity test was

conducted using: w'T' =FSflllgSflll (TSIIII - Tatr) + F,ltagw(Tw - To~r). A range of g_, values were specified,
the sensible heat flux was held constant ( w' T' =0.12 m s·1 K), the fractions of surface cover were allowed to vary
under the constraint of eqn 9, T_,-T.,;,. was allowed to vary between 0 and 30 K while T~~~a-ToJr was held at 1.5 K,
and T~~~a-Tw was allowed to vary from -10 to 10 K while T--T"" was held at 10 K. Changing FSIIII (F~~~a =1- F...,.)
does not have an impact on gw when TSllll-Tw is allowed to vary; whereas when T~~~a-Tw varies, the larger FSllll is
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associated with the larger g. values. If w'T' is changed from 0.08 to 0.15 m s' 1 K, with r.-r. varying. the
most obvious impact occurs when g_ = 0.01 m s.J. At this point, there is a transition from physically reasonable
values being associated with negative T-.-T.;. to being associated with positive T•-Tu· At the same g_ value,
this transition is also impacted by changes in F_,. These results suggest that there is a wide range of conditions
under which this method wiD fail, not just limited to those encountered in this study.
FINAL COMMENTS

First order esti.mates of QH can be derived from bulk heat transfer models. These are sensitive to the method used
to detennine surface tempemtures, with nadir and off-nadir methods yielding values generally closest to those
measured. Temporal variability in /clr1 is evident However, a wide range of /clr1 values (20-30) result in small
differences in Q8 . Problems are encountered when applying microscale variability methods. These are attributed
to the strong thermal inertia of urban building materials, thus in the latter part of the day surfaces which are no
longer sunlit remain warm.
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IMAGE REPRESENTATIONS OF COMPLETE URBAN
SURFACE TEMPERATURES
J. A. Voogt
Department of Geography, University of Western Ontario, London, ON, N6A 5C2 Canada

ABSTRACT
Urban areas are characterized by three dimensional structure. Two-dimensional images of urban surface
temperature obtained from remote sensors suffer from anisotropy and may provide biased representations of the
actual urban surface temperature. Remotely sensed surface temperatures and a building GIS are combined to
generate two-dimensional images of urban surface temperature that include three-dimensional temperature
information. The complete surface temperatures show daytime decreases of over 4 K and nighttime increases of
up to 1 K compared to nadir temperatures on spatial scales of 50 - 200 m. At the scale of individual buildings in
daytime, building wall temperatures have a greater effect on the complete building temperature than does surface
emissivity.

INTRODUCTION
Thermal remote sensing is an important technique for providing surface temperature information of spatially
heterogeneous regions, such as urban areas. However, thermal remote sensing of complex three-dimensional
surfaces leads to variations of observed apparent surface temperature with viewing direction (anisotropic thermal
emission), in addition to the atmospheric and surface emissivity effects which affect all thermal remotely sensed
imagery. Anisotropy is apparent at both very large (1), and small, scales (2). The variation in temperature over
urban areas can be as large as the effects calculated for atmospheric corrections (3). Anisotropy arises because of
differences in the temperature of horizontal and vertical surfaces, and the microscale patterns of surface
temperature induced by the surface geometry. Images obtained from any single view direction miss or
undersample some parts of the "complete" urban surface. Urban canopy and surface layer climates may be
expected to be influenced by the temperature of all the surfaces, and not just those surfaces viewed by a
directional remote sensor, so that ideally, temperature information is required for all surfaces which make up the
atmosphere-ground interface.
This paper reports on a procedure developed to calculate and display image representations of surface
temperature of an urban area at small spatial scales (-10 1 m - 103 m) which incorporate three-dimensional
information. It combines a high spatial resolution surface structural database (GIS) with directional radiometric
surface temperatures obtained from an airborne thermal scanner and ground-based infrared thermometers. The
procedure was developed to provide relevant surface information for a separate study (4,5) which required a
flexible method of assessing all surface temperatures within predefined spatial regions of the study domain.

METHODS
The study area is a light industrial area (approximately 0.65 km2) within the city of Vancouver, B.C. Canada.
The site was selected as representative of a "simple" urban surface characterized by rectangular, 1-3 storey
buildings with flat roofs, and with little (<5% plan area) vegetation cover. The buildings are arranged in city
blocks which have an east-west/ north-south orientation, with the major block axis oriented east-west. Several
blocks have buildings that share a common east/west wall and thereby reduce the exposed wall area.
A high resolution database of building dimensions was developed to allow calculation of surface attributes such
as total area, element plan area, fractional coverage by buildings, or total wind-exposed wall area within
specified spatial domains. These measures can be used to characterize the urban surface and for other
applications related to urban-atmospheric effects, such as the calculation of the aerodynamic roughness lengths
using morphometric methods (6). Building footprints were digitized using large scale maps and aerial
photographs. The study domain contains 517 buildings and is approximately 700 x 600 m. Digitized features are
limited to the basic shape of the building outline. Buildings heights were estimated from the number of floors.
The building footprint files were converted to a raster image of building heights on a 1 m x 1 m grid. Subsequent
filtering operations were performed to create images of building wall area for each wall orientation, and total
building area.
Radiometric surface temperature data were collected using two sensor platforms in order to adequately sample
the major urban surface components: an airborne thermal scanner, and vehicle mounted infrared transducers. The
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results presented here were conducted on Aug. 15, and 24/25 1992, (YD 921228 and YD 921237- 92/238) which
were characterized by clear, sunny skies, warm temperatures and a sea-breeze circulation.
Thermal images from nadir and 45° off-nadir viewing directions were taken using a helicopter-borne thermal
scanner. Details are provided in (3). To provide a larger domain of coverage for use with the building database,
individual nadir images were registered to the building footprint map using common control points, and a single,
large composite image was constructed. The overall spatial accuracy is approximately 3 m. Corrections for
atmospheric effects were included using a single channel method. Estimates of atmospheric emission and
transmission were made using an atmospheric radiation transfer model with vertical profiles of temperature and
humidity from locally launched radiosondes (3). Bulk corrections for surface emissivity were applied to the
image composites. An emissivity of 0.95 was assumed (7) for all surfaces. The incident sky radiance at the
ground was estimated using a quadrature method with model output. Building roofs exhibiting abnormally low
brightness temperatures were checked against photographs for evidence of low surface emissivity materials
(primarily metal roofs) and, where appropriate, were re-assigned the mean roof temperature derived from all
other buildings.
Building wall temperatures in the study area were sampled using two ground-based techniques. First, an array of
infrared radiometers was mounted on a vehicle which traversed all streets and alleyways in the study area.
Corrections for surface emissivity were applied to the mean values using the methods outlined in (8). Secondly, a
set of fixed infrared thermometers were used to obtain temporal trends of wall temperature from two study
buildings.
IMAGE REPRESENTATIONS
Temperature and structural input data were combined to form, at the scale of a pixel, area-weighted temperature
images. The images were constructed by taking the product of wall temperature and wall area images, adding the
nadir temperature composite image and normalizing by the total area. These images (Figure lc) show cooler
pixels which represent building edges because those pixels represent not only the horizontal area of exposed
roof, but also the area of the wall below. Pixels which do not include a wall component are unaffected.
Variations in the general method can be incorporated; for example, area-weighted temperature images which add
only the projected wind-exposed wall area of the buildings to the plan imagery.
Following calculation of the pixel area-weighted temperature images, the complete surface temperature (Tc) may
be calculated for larger spatial domains. The choice of spatial domain is usually related to the overall surface
structure, e.g. a building, building lot area, city block, etc. The largest length scale used here (200 m)
incorporates the majority of the daytime surface temperature variance in an area with similar street pattern layout
(9). At the scale of a single building, complete building temperatures can be calculated and displayed (Figure ld)
on the building footprint area. Image representations of Tc for arbitrary lengths scales greater than the building
scale can be calculated using a filtering technique. The resultant image (Figure 1b) represents complete surface
temperature calculated for the selected spatial domain centred upon each point in the image (edge effects are
masked). Calculations were performed on images degraded to a 2 m pixel size to improve the speed of the
operations.
Abrupt changes of Tc result when the domain position changes slightly to incorporate edges of a row of buildings
(i.e. the total area of the domain changes abruptly; Figures la,b). This highlights the importance of the surface
structure on the surface temperature at this scale. At larger scales, the effects are more muted. Daytime imagery
show T c decreases in those areas with large Ac, which for this study area tends to be blocks characterized by
closely grouped smaller buildings (houses). The reverse is true for nighttime imagery when building walls
become relatively warm compared to the roofs. The spatial patterns of Tc tend to be similar to those of Tnadir
throughout the day. However, this coincidence is enhanced by several factors other than the surface area within a
given domain. First, the surface cover surrounding buildings in these areas is more likely to include vegetation;
second, the close spacing of buildings increases shadowing of both ground and wall surfaces; and third, roof
temperatures .are lower for some buildings due to sloping roof facets. Spatial patterns of the differences between
T 0 adJr-Tc show that daytime nadir observations may differ from Tc by several degrees, especially on smaller
spatial scales. Nighttime differences are smaller; Tc may be up to 3.5 K warmer compared to nadir values, with
an average of approximately 1.0 K.
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Figure 1. a) complete surface area (Ac) and, b) Tc (14 PDT, YD92/228) for 50 X 50 m square domains.
Images masked for edge effects. Building footprints shown in black, nadir thermal composite outlined in
white. c) pixel area-weighted temperature, d) complete surface temperature of individual buildings plotted
on building footprint. e) The emissivity required to match the temperature change due to building walls in
the complete building temperature. The histograms plots the AwlAp for study area buildings..

Emissivity effects
The subtle spatial variations of Tc, and the observation of some buildings with unreasonably low brightness
temperatures prompted further investigation into the relative effects of low roof emissivities and Tc compared to
average nadir temperatures. The effect of these roofs on the spatially averaged Tnadir is large: the temperature
difference attributed to their low emissivity is 5.5, 1.4 and 0.4 degrees for 50, 100 and 200 m scales respectively
when compared to spatial averages where these roofs are replaced with the average roof temperature (midday
data).
Results of a sensitivity test to the relative effects of low roof emissivity versus wall temperatures on the complete
surface temperature of buildings calculation show (Figure 1e) a relatively large drop in emissivity is required to
match the effect of building walls near midday, primarily because the roofs, with their low thermal admittance,
have a much higher temperature compared to the walls . Later in the day, and at night, a smaller emissivity
change is needed, thus necessitating better emissivity corrections before assessing the effects of building walls.
The emissivity drop required to match the effect of building walls becomes smaller as Awl Ap becomes smaller
(roof area dominates). For the majority of buildings within the study area, the£ value is> 0.7 for midday, and>
0.8 for morning, late afternoon and evening periods. Typical North American residential roofs are fairly high (0.92) emissivities (10), however, much lower roof emissivity values are possible for metal or tile roofs (e.g.(ll)).
The current findings are constrained to the building footprint area; for T c on larger spatial domains, results will
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also depend on ground level temperature, and this will change depending upon the building size and location
which lead to shading of the ground surface. This effect could be tested using models.
Complete vs Directional Radiometric Temperatures
The complete surface temperature images can be used to assess and develop relations between directional
radiometric surface temperatures (directly measurable) and the complete surface temperature, which is difficult
to estimate. Previous results (12) compared Tc with directional radiometric surface temperatures but were
restricted to comparing single mean values for the entire study area. Using the image approach, relations can be
tested for different scales within the image and a much larger number of points can be tested to assess the
variability of the relation. Plotting Tnadir versus Tc for all flight times on YO 228 and YD 237/238 (Figure 2a)
suggests that it may be possible to define a general relation to simplify the estimation of Tc from the more
directly observable T nadir· Further support for this relation is given by ground-based radiometric temperature data
from two ground observation sites. The single site results suggest a degree of hysteresis commonly observed in
the assessment of the storage heat flux. Here, the hysteresis results from the rapid warming of low thermal
admittance roofs compared to the walls early in the day, so that Tc remains relatively low compared to late
afternoon or evening results when Tc is higher because of the warm walls. Exploratory analysis of the relation
between T c and T nadir indicates that the degree of hysteresis increases as A,JAp increases and this also changes
the overall shape of relation between Tc and Tnadir· It is suggested that a more physically based relationship
between Tc and Tnadir may be possible, taking into consideration the surface geometry, relative thermal
admittance of the surfaces and possibly the view factors of the surfaces. The use of numerical models may
provide further insight into these relations.
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each thermal image). Nadir and off-nadir values are simple spatial averages over the sour ce area, and
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Surface Temperatures of Sensible Heat Flux Source Areas
Bulk heat transfer methods can be used in combination with radiometric surface temperature to estimate fluxes
of sensible heat (4,5). The inclusion of component s\IIfaces, including vertical surfaces, and surfaces not readily
viewed by nadir sensors has been shown to be potentially important for modelling surface heat flux (e.g. (13))
and overall, for the adequate representation of surface temperatures. The methods described in this paper were
used to generate various surface temperature representations for the study area for calculating the surface
sensible heat flux {4,5). The surface database alone was also used to provide input for methods of calculating the
surface parameters required by the bulk heat transfer parameterization. Figure 2b illustrates nadir, off-nadir (45°)
and complete surface temperatures calculated for heat flux source areas (14) for the three overflights conducted
on YD92/228. For each overflight, two source areas were calculated based upon the nearest hourly tower
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observations; these source areas then form the spatial domain for calculating Tc and averaging the nadir and offnadir temperatures.
SUMMARY
Combined directional radiometric temperature information and surface structural information provide the ability
to calculate areally representative radiometric temperatures (complete surface temperature T0 ) for simple urban
areas. These temperatures are potentially important for applications that require full temperature information on
the urban surface - for example urban heat storage, and canopy-level climate studies, which may not be best
served by, for example, nadir observations. The methods also allow extraction of component surface
temperatures for further analysis.
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REMOTELY SENSED HEAT FLUXES OF URBAN AREAS
Eberhard Parlow
Institute of Meteorology, Climatology and Remote Sensing, University Basel, Switzerland

ABSTRACT
The study of the interactions between urban surfaces and the urban boundary layer plays an important role in
urban climatology, especially against the background of increasing urbanisation in most parts of the world.
Measurements of radiation and heat fluxes suffer from the extreme heterogeneity of the urban landscape.
Therefore accurate and representative measurements are rare. To bridge the gap between accurate measurements
and the need to be spatially representative, data from LANDSAT-TM satellite overpass of May 3 1995 is used
in combination with radiation models to compute the spatial distribution of net radiation in the Upper Rhine
Valley/Central Europe as part of the Regional Climate Project REKLIP. Storage heat fluxes are derived by
combining spatially distributed NDVI-data (Normalised Difference Vegetation Index) and net radiation. The

available energy can be estimated by integrating a detailed satellite-based land use classification of the area with
attributed Bowen-ratios. Results are validated against radiation and heat flux measurements at a 32 m tower in
the city of Basel, equipped with state-of-the-art instruments like sonic anemometers and measurements carried
out simultaneously at the REKLIP energy balance network. Finally a comparison between the cities of Mulhouse
and Basel is performed to show how various types of urban surfaces behave. This type of analysis can be
improved with data from LANDSAT-7-ETM, which was successfully launched in April 1999. Besides an
additional panchromatic sensor with 15 m resolution the satellite offers a 60 m thermal band which greatly
extends the applicability of satellite data in urban climatology.
INTRODUCTI ON
One aspect of the tri-national regional climate project REKLIP (1,2,3) aimed at studying the energy fluxes in the
boundary layer under very complex terrain conditions. The whole study area is shown in Fig. I with the Vosges
Mountains, the Black Forest and the Swiss Jura surrounding the Upper Rhine Valley. Mountain tops reach an
altitude of nearly 1500 m a.s.l. To study energy fluxes in this area a network of 36 energy balance stations were
installed. Most of these stations were located on agricultural fields, one station was located in a forest, where a
special field experiment (HARTX-92) was conducted (4,5,6,7) and one has been maintained in the city of BaseV
Switzerland to study energy fluxes over an urban canopy. Due to the extreme heterogeneity of urban areas,
which cannot be studied by one energy balance station only, satellite data of various systems were a major tool
to study the spatial distribution of net radiation and heat fluxes of urban areas. On both sides of the river Rhine
many cities are located with a total of several million inhabitants. Karlsruhe, Strasbourg, Freiburg, Mulhouse and
Basel are only the major agglomerations to be mentioned.
Satellite data have specific spatial and temporal resolutions which is often a drawback for urban climate studies.
If the temporal resolution enables time series analysis with several satellite overpasses per day (NOAAAVHRR) then the spatial resolution normally does not meet the requirements of urban climate studies. On the
other hand, when LANDSAT-TM data, with its spatial resolution of 30m in the solar and 120m in the thermal
channels, are used it is possible to achieve good differentiation of the urban structures. Unfortunately the
drawback is that LANDSAT-TM data are available only on a 16 days repetition cycle. Furthermore they are
only available during the warm-up phase in the morning (at 9:45 local time). Nevertheless, these data can be
used for case studies on how the different urban structures (different residential areas, city centre, industrial sites
etc.) behave as far as net radiation and heat fluxes are concerned. If a detailed land use classification exists in a
digital form it is possible to analyse these properties in a statistical way.
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Figure 1: Digital terrain model of the Upper Rhine Valley/Central Europe with study area indicated in the
box (left) and landuse classification of Basel-Mulhouse area (right). Urban areas indicated by a crosshatch
signature.

METHODS
As far as radiation and heat fluxes are concerned satellite data can be used to compute the spatially distributed
albedo by using the information of the solar channels. After correction of the atmospheric influence on
LANDAT-TM channel 6 measurements (thermal band), data can directly be used to calculate terrestrial
emission. To compute the downward radiation fluxes a digital terrain model can be used to calculate the solar
irradiance and the atmospheric counter radiation for each grid point by using numerical radiation models. The
sum of all these radiation fluxes gives the spatially distributed net radiation Q* for the time of the satellite
overpass on May 3, 1995, which shows the influences of land use and topography (Fig. 2). Forested areas show
values that are up to 100 W m-2 higher than adjacent urban or industrial areas. This can be seen quite clearly at
the industrial site indicated with a circle in Fig. 2. For further information it is referred to Parlow (2,9, 10) .
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Figure 2: Net radiation Q* of the study area Basel-Mulhouse at satellite overpass. Urban areas are
indicated by a solid line. A large industrial area which is surrounded by a forest is indicated with the
white circle.
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In this paper the storage heat flux is computed, the available energy and the turbulent fluxes are also estimated
by using a Bowen ratio approach. Many papers have tried to estimate the storage heat flux Q0 from NDVI
measurements and net radiation (e.g. (11 ,12)). The basic idea of this approach is that the density of vegetation
acts as a resistance for the storage flux. The density of vegetation is to a certain extend related to the NDVI
values from satellite data. Kustas and Daughtry (II ) use the following linear formula :

Q0

=(0.325- 0.208 • NDVI) • Q*

Bastiaanssen et al. (12) estimate storage flux density by a polynomal function
Qo =0.3 • (1 - 0.98 • NDVI

4

) •

Q*

Both approaches give good results on agricultural fields or forested sites. Under these conditions storage heat
flux is only a minor part of the heat balance. This differs completely in urban areas where storage heat flux can
reach up to 60% of net radiation (13, 14, 15, 16, 17). A further problem is that net radiation switches from
negative to positive values shortly before 0700 hours (Fig. 3 left), but storage heat flux changes direction
between 0800 and 0830 hours (Fig. 3 right), that is about 1 \12 hours later. If topographic conditions are more
complex, e.g. inclined slopes with western orientation, the time shift can be even greater. Using the equations
from Kustas and Daughtry (11) or Bastiaanssen et al. (12) directly will lead to numerical problems in the early
morning when net radiation is positive already and storage heat flux is still downward.
The diurnal course of radiation fluxes during May 3, 1995 is shown in Fig. 3 (left) (18). The station Lange Erlen
is one within the REKLIP energy balance network and is representative for others. Fig. 3 (right) shows the

diurnal course of storage heat flux for several REKLIP stations.
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525

This problem can also be shown by plotting the ratios of Q 0 /Q* over time which is displayed in Fig. 4 for 10
REKLIP stations which are all lying in horizontal terrain. About two hours around sunrise and sunset the ratio
has no numerical solution. For most of the displayed stations the ratio Q 0 /Q* is within a range between 5 and

20%.
It was already mentioned that there are substantial differences of Q 0 and the ratio Q 0 /Q* for arable/forested land
and urban areas. Therefore the NDVI data (Fig. 5) and the above mentioned equations cannot be used for both
rural and urban surfaces. To overcome this problem arable land, forests and urban surfaces are treated with
different equations that reflect their different magnitudes and temporal changes . A first step is to follow the
method of Kustas and Daughtry with some minor modifications to compute daily maximum storage flux Qo(max)·

=

Qo(max) (0.3673- 0.3914 • NDVI) • Q*
Qo(max/Q* = (0.3673- 0.3914 • NDVI)

or

In a second step storage heat flux Q 0 of forests(Qo(forest)), rural (Qo(rural)) and urban areas (Qo(urban)) is calculated
separately by masking techniques. Qo(rurall is very much influenced by topographic conditions and solar
irradiance. During satellite overpass at about 0945 hours western slopes can show upward (positive) storage heat
fluxes whereas eastern and sun-exposed slopes can have downward (negative) storage fluxes at the same time.
To tackle this problem the shortwave net radiation Q*sw is computed by using a digital terrain model (8), (9),
(10) .
Qo(rural) = (0.3673- 0.3914 • NDVI) • Q*sw • (-0.8826 •ln(Q*sw) + 5.0967)
Qo(urban) =- (0.3673- 0.3914 • NDVI) • Q*
QG(forest) =- 0.5 • (0.3673- 0.3914 • NDVI) • Q*
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Figure 5: Normalised Difference Vegetation Index (NDVI) computed from Landsat-TM (bands 4 & 3).

RESULTS
According to the above mentioned equations storage heat flux was computed for all pixels of the investigation
area. The result is shown in Fig. 6 (left) . The urban areas of Mulhouse and Basel and the industrial site of the
company Peugeot reach maximum values of more than 200 W m· 2 • The forest in the centre contrasts extremely
2
to the industrial site (circle) with values of Q 0 in the range of 26 - 50 W m· . Fig. 6 (right) shows the ratio of
QdQ*. Values in urban areas of Basel and Mulhouse reach 35 to 40 % whkh is in very good agreement to
measurements conducted at two sites in the city of Basel (17). At forested areas the storage heat flux is mostly in
the range of 15 ± 3 % compared to net radiation. This satelLite based analysis is also in good agreement with
results from various field campaigns in other parts of the world (13), (14), (15).
In a last step of data analysis Bowen ratios, taken from the measurements at the REKLIP energy balance
network, were attributed to the different land use classes and latent and sensible heat fluxes were calculated. Fig.
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7 (left) shows the result of latent heat flux and Fig. 7 (right) for sensible heat flux in W m-2 • Bowen ratios were
attributed according to Table 1. It can clearly be seen that in Fig. 7 (left) urban and industrial areas can be
identified by low latent heat fluxes which is not a surprising result. But in Fig. 7 (right) sensible heat fluxes are
only slightly increased or sometimes are in the same range compared to forested or agricultural sites . This result
can be explained by the lower net radiation of urban areas due to high surface temperatures and an extremely
high storage flux during daytime, when heat is accumulated in the building material and finally released during
night-time to compensate the negative net radiation of urban areas (9), ( 10).
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Figure 6: Storage heat flux at satellite overpass on May 3, 1995 (left) in W m- 2 and ratio QG/Q*.

Table 1: Bowen ratios attributed to land use classes
Land use class

Bowen ratio

Land use class

Bowen ratio

High density urban
Medium density urban
Low density urban
Industrial
Coniferous forest
Mixed forest

1.5
1.0
0.8
1.8
0.7
0.5

Deciduous forest
Fallow
Horticulture & vinyards
Grassland
Arable land

0.4
0.5
0.5
0.6
0 .7
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Figure 7: Latent heat flux (W m- 2) at satellite overpass on May 3, 1995 (left) and sensible heat flux (right).
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DISCUSSION
This leads to the question whether urban areas are heat islands during daytime when they show high surface
temperatures? Simultaneous measurements of air temperatures at an urban and a rural site in Basel for several years
clearly show that air temperatures are up to 2 K lower in the city during fair weather situations. This can be seen in
Fig. 8. There is much more work necessary to understand fully the very complex interaction between an urban surface and the urban boundary layer as well as to study urban heat and/or cooling island effects. Satellite data can
contribute to this research by offering spatially distributed data sets of important radiation and heat fluxes.
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Figure 8: Annual (X-axis) and diurnal (Y-axis) differences of simultaneously measured air temperatures
between an urban and rural site near Basel for the year 1994.
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A veiro University (Physics Department), Campus Universitario, 3800 Aveiro - Portugal

INTRODUCTION
The boundary layer thermo-mechanical characteristics research, related to the mesoscale patterns, namely those
associated with the land and sea breezes and with the occurrence of air temperature inversions, are analysed and
interpreted. The experimental meteorological programmes (LisbEX'96 and LisbEX'97) performed in the scope
of the project 'AMAZOC - Ambiente Atmosferico em Zonas Costeiras' and the most common meteorological
conditions in the Lisboa-wide area observed in summer period are reported. Some meteorological simulations for
the lower troposphere are analysed using the 'Topographic Vorticity Mesoscale- mode (TVM) model.

METEOROLOGICAL OBSERVATIONAL SYSTEMS
The thermal and dynamical structure of the
lower troposphere in Lis boa region (Fig. I),
with more than 1/.i of the Portuguese
inhabitants, is very important in many urban
meteorological problems as well as in several
OCEANO
applications, like urba n biometeorology. The
meteorological observational systems on
different time-scales from the A veiro
University I physic department consists on:
ATLANTICO
a) 30m meteorological tower equipped with
sensors for wind speed and air temperature
observation at 5 levels, air humidity at 3
levels, wind direction at 2 levels, ground
temperature at 5 levels, global and terrestrial
radiation budget and precipitation at 1 level.
b) system for air temperature and humidity
radiosoundings using free balloons, which
Fig. 1 - Portuguese mainland and Lisboa region
usually reach beyond 5km, enabling as well
the observation of upper-air with using the
pilot balloon technique. The Portuguese Meteorological Institute for the boundary layer research have: a) 5
transportable meteorological towers (12m) (Fig. 2) for air temperature, relative humidity and wind
measurements; b) 2 SODAR (Radian Echosoncle and Sensitron; c) 1 tethered balloon with PTUddff and ozone
radiosondes (Fig . 3); d) 2 MARWIN radiosounding systems for boundary layer and upper air measurements; e) 3
optical theodolites.

Fig. 2- Meteorological tower,
equipped with wind and
temperature and relative.
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Fig. 3 -Tethered balloon equipped
with P,T,U ddff and ozone
sensors.

OBSERVATIONAL PROGRAMMES AND DATA BASE
During the LisbEX'96 and LisbEX'97 observational field campaigns in the metropolitan Lisboa region, took
place from 8 to 17 July, 1996 and 1997, some of the observational means were used : tethered balloon for
boundary layer observation (2 to 6 ascents/day, with wind speed bellow 7-8rn/s) and radiosoundings (2 to 4
ascents/day); during LisbEX'97 the ozone concentration was observed with ECC radiosondes (1/day); 4
meteorological towers (12m) were installed in Lisboa region, which recorded meteorological data every minute.
In order to have data available for studies in the Lisboa region, a meteorological data base was organised,
including the climatological values, from 1975- 1994, of the surface wind speed and direction, air temperature
and relative humidity at more than 12 meteorological stations located in the region for the period July 8-17, and
for 5 of those stations the visual observations (nebulosity and horizontal visibility). Relating the same period, the
results of Lisboa radiosoundings at 00 and 12UTC were archived.

SYNOPTIC CONDITIONS
In Portugal, during the summer period the synoptic situation is characterised by the influence of maritime tropical
subsiding air and less frequently by the continental tropical air associated to the Azores anticyclone and the

presence of the thermal depression over the Iberian Peninsula. Associated with this low pressure, a ridge
connected to the Azores anticyclone is very persistent over the north of the Iberian Peninsula. Under these
conditions, in the Lisboa region, especially during summer time, the sea breeze regimen is a direct consequence
of the differential heating of the surface air, which reaches more than 20°C between the air over land and over the
sea (the sea temperature is between 16- 19°C). During the summertime the average wind speed is 1.0 to 4.0 m/s
in the coastal areas and 1.0 to 2.0rn/s in the continental regions. In the coastal region the maximum wind speed is
8 to 14rn/s (late afternoon), and the predominant wind direction is from N and NW. Another feature of the
weather along the Lisboa coast is the fog or mist in the coastal area and Tejo estuary during the night-time and
early morning; during daytime the weather is characterised by clear sky or partly cloudy (<3/8).

OBSERVATIONAL RESULTS
The observational data collected during the field campaigns show the main features of the sea breeze
development in Lisboa region. Based on the observational results the sea breeze, in this region, develops from
midmorning and reaches the maximum intensity by the afternoon end, when the vertical extent is about 700530

lOOOm. The most frequent maximum wind speed observed in the sea breeze layer is 5-7m/s at the height of 400600m and reaching some times more than 8m/s. The mean feature of the lower troposphere thermal structure is a
strong subsidence inversion below 1.5Km, frequently bellow 800m, with thickness of 100 to 400m, another
typical feature is the occurrence of different layers with air temperature inversions below 2Km, resulting of
recirculation phenomena taking place in successive days, which are related to the recirculation of air pollutants in
the region.
Figure 4 shows the wind vertical profiles during the campaign LisbEX'97 observed in Lisboa aerological station
and Figures 5 and 6 are examples of graphs with surface u, v wind components and air temperature and relative
humidity in Lisboa meteorological station during the campaign period, to characterise the time of the sea breeze
front coming.
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TVM'SIMULATIONS I RESULTS
The. LisbEX experimental area is adjacent to the Atlantic Ocean (Fig 1) and the field campaigns were carried out
during 8-17 July, 1996 and 1997. The observational data collected during the field campaigns show the main
features of the sea breeze development in Lisboa region.
July 17, 1996 was chosen for TVM simulations, based on its clear sky conditions and low synoptic wind speeds;
these conditions allowed for development of mesoscale sea/land'breezes.
The horizontal grid for the simulation area is 5lcm mesh with 30 grid squares in both sides; S-N and W-E. Three
land - use classes were used in the simulation, with specific values of the surface characteristics for each class.
The existing conditions at 00 UTC, using surface air temperature values observed in 10 meteorological stations
and averaged for all network, wind speed and temperature profiles obtained in the radiosounding were used for
the model initialisation.

In Figure 7 the vertical wind profile simulated with TVM model and the radiosounding observations are
compared and in the Fig. 8 the surface results for the air temperature in a inland station, 50Krn far from the sea,
are presented in order to compare the observed and simulated results.
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In the Figures 9 and 10 the simulated surface wind field over Lisboa region at 06 and 18UTC are shown.
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Fig. 9 - Simulated surface wind field over
Lisboa at 06UTC
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Fig. 10- Simulated surface wind field over
Lisboa at 18UTC

CONCLUSIONS
Based on the observational results the sea breeze in the Lisboa region develops from mid-morning and reaches
the maximum intensity by the afternoon end, when the vertical extent is about 700- lOOOm. The most frequent
maximum wind speed observed in the sea breeze layer is 5-7rn/s at the height of 400-600m and reaching some
times more than 8m/s. The main feature of the lower troposphere thermal structure is a strong subsidence
inversion below 1.5Km, frequently bellow 800m, with thickness of 100 to 400m.
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The TVM model in general is able to simulate the qualitative features of the temporal and spatial variations of the
mesoscale lower troposphere related to the sea/land, Tejo estuary and topographic flows in the Lisboa region.
The simulated surface air temperature, wind speed and temperature waves matches 'well' with corresponding
observed values. Observed wind speeds at surface, in general are well reproduced by the model and the main
features of the sea land breeze are correctly simulated.
The extent of inland penetration of the sea breeze reach more then 80km with a front breeze speed of 15 to
20kmlh and reaching a depth of 400 to 600m.
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TROPICAL URBAN CLIMATOLOGY AT THE TURN OF THE MILLENNIUMAN OVERVIEW
Ernesto Jauregui!
1Center

of Atmospheric Sciences, National University, University City, Mexico City, 04510, Mexico

ABSTRACT
The objective of this paper is to show the development of urban climate studies in tropical regions since their
beginnings in the early 1970's until the present decade. The main source of information for this purpose has been
the Meteorological and Geoastrophysical Abstracts periodical and other journals from developing countries.. It
is encouraging to note that activity in all areas of urban climatology has increased in recent years. This is despite
the fact that the list becomes increasingly less complete after the mid-nineties for obvious reasons. Literature on
urban climatology in the tropics has more than doubled in the present decade (from 63 articles in the 1980's to
158 in the present decade). However it still represents a small fraction (20 %) of the work done in mid-latitudes.
Description of climate variables such as temperature, humidity, rainfall, wind, etc. continues to be a favoured
topic of research (requiring simple instrumentation) and only a few process-oriented papers (e.g. energy balance,
air pollution modeling) have appeared in the literature. Undoubtedly, events on urban climatology periodically
promoted by WMO have been influential in the development of this area of research in the tropics (and
elsewhere) e.g. Kyoto/89, TecTUC/93, ICUC/96. At present more than 170 cities support more than one
million people (WMO, l 996), most of them in developing countries. They represent an enormous laboratory for
studies of the urban climate system. It is important that special attention be given to promote urban
climatological studies in this region.
INTRODUCTION
Urban growth poses a major threat to the health and comfort of large populations. It is expected that 700 millions
people will move to urban areas during the last decade of this century.
Today, at least 170 cities most of them in developing countries support more than one million people (WMO,
1996) and by 2025, the majority of the world's population, some five billion, will be living in urban areas1• This
is a transformation that is bound to change the nature of the environment2• Almost all of this growth, a staggering
90%, will occur in countries of the developing world mostly located in the tropical/subtropical environments.
These numbers give an idea of the relevance and the priorities that studies of the climate of tropical cities must
be given in coming decades. Large tropical cities are facing degradation in the quality of their environment.
including aspects of urban climate such as floods, with adverse effects on health, safety and productivity. The
purpose of this paper is to illustrate the development of urban climate studies in tropical regions as compared
with those carried out in mid-latitudes in recent decades.
SOURCE OF DATA
The periodical Meteorological and Geoastrophysical Abstracts has been the main source of information in
addition to some of the proceedings of urban.climate meetings.
RESULTS

Table 1: Number of papers on urban climatology (incl. air pollution) published during period 1973-98
Period
1973-80
1981-90
1991-98

I
Tropical
10
63
158

2
Mid-latitude
1036
630
785

537

1/2
Percent oftropical
1
10
20

It is stimulating to note in Table 1 that the number of papers published on tropical urban climatology have
increased in numbers during the 1990's compared to previous decades. This is despite the fact that the list
becomes increasingly less complete after about the mid-nineties, for obvious reasons. Literature on urban
climatology in tropical environments has more than doubled in the present decade. However, it still represents a
small fraction of the work done in mid-latitudes. This is mainly due to the reduced infrastructure and sometimes
limited financial resources available for the expensive and increasingly more sophisticated instrumentation.
required for urban climate research.

In the 1970's research on urban climate required simple instrumentation, being mostly limited to description of
fields of temperature, humidity, etc within a city, and its possible link to other factors (second level of enquiry
according to Oke's scheme (3). During recent times attention has been focused on the causes underlying the
observed effects, and to the modelling of such processes. While most of these higher levels of enquiry are being
carried out in developed countries, it is important for this technology to be transferred to the developing world in
the tropics so that a rapid growth of tropical urban climate research will eventually be on equal terms with that in
the mid-latitudes.
In order to achieve this goal events on urban climatology periodically promoted by WMO, UNEP and other
international agencies, have been influential in promoting the development of this area of research in the tropics
(and of course elsewhere).
•

Recommendations formulated in the WMO Technical Conference of Urban Climatology in Mexico City led
to the idea of TRUCE (The Tropical Urban Climate Experiment) with the aim of a better understanding of
the atmosphere of tropical cities. Today TRUCE is identified in WMO's long-term plan as a key activity.

•

The Urban Climate, Planning and Building Conference in Kyoto registered the largest attendance ever with
emphasis on building climatology and applications of climate information.

•

At the TecTUC (Technical Conference on Tropical Urban Climate) in Dakha in 1993 the main topics
discussed were related to further development of plans and implementation of TRUCE. In particular
guidelines for formulation of TRUCE-related projects were recommended.

•

At the ICUC (International Urban Climate Conference) in Essen in 1996, in addition to the traditional topics
(e.g. air pollution, urban/rural comparisons of climatic variables) other topics such as urban planning,
building climatology, boundary layer physics, urban parks, amenity, and urban biometeorology attest to the
broadening of the field of urban climatology.

Table 2 shows the preferred areas of research in urban climatology at these meetings, including those presented
at the latest in the series in Sydney, 1999. While the bulk of papers presented at TecTUC dealt with urban
climate studies in the tropics, this participation was limited to 10 percent at the Essen meeting. Only 4 papers on
tropical urban climate were presented at the Second Symposium on Urban Climate organized by the American
Meteorological Society in Albuquerque, whereas in the Sydney meeting TRUCE-related papers numbered 19.
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Table 2: Areas of research on urban climate presented in international meetings during the 1990's

Tee Tuc
1993
Tropical urban climate (TRUCE)
Methods, general
Microenvironments
Urban climate/energy
Urban green /water
Urban climate descriptions, urban HI./canyon,
impacts
Urban climate trends and global warming
Physical, turbulence, roughness, wind tunnel
Urban climate modelling. Heat/radiation fluxes
Energy and Urban climate
Air quality, air pollution modelling, road pollution
Urban planning/Urban climatology
Remote sensing
Urban bioclimate/comfortlhealth
Urban hydrology, extreme events

40

Total

ICUCIESSEN/
1996
Mid lat.
Tropics
25

AMS ICUC/1999
1998
Sydney
4

19

8

11
3

5

1

1
8
21

1
4

5
17

1
3

14
11

5
5

5

9

26

10
38

3
10

5

4
2

11

7

48
17
4
11
8

39

145

25

72

5

8
1

4
10

1
16
17
4
13
4

144

DISCUSSION
Some areas for future research in urban climatology in the tropical environment that need to be developed
include:
•

The role of urban vegetation.

•

Vegetation can substantially affect wind, temperature, humidity and precipitation regimes in urban areas.
Vegetation is believed to have very important practical applications in planning e.g. heating/cooling
requirements of buildings, dispersion of pollutants. If carefully planned, vegetation could be used to mitigate
some anthropogenic effects and reduce discomfort by evaporative cooling and to provide shade (4)

•

Urban hydrology/extreme weather events

•

Since it is apparent that extreme weather events are being more frequent in recent times worldwide,(e.g. El
Nino teleconnection) there is a need for research in urban hydrology in order to create a scientific basis for
improvement in rainfall data application in urban hydrology. Data availability and development of reliable
methods for analysis of inadequate data are the main problems in developing (tropical) countries.

•

Urban lightning.

•

Cloud to ground lightning activity in tropical urban areas has been shown to be of the order of 40-80 percent
higher than in midlatitude cities. This needs further study in tropical cities where intense convective
precipitation prevails and therefore poses risks for the population.

•

While the physical processes driving climate in tropical cities are similar to those observed in temperate
urban areas, as shown by Oke et al. (5), many boundary conditions are different and therefore continued
research into the physical climatology of tropical cities is warranted.
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URBAN CLIMATOLOGY AND URBAN DESIGN
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1
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ABSTRACT
Urban climate research is carried out in a number of different fields. Urban Climatology is generally seen as a
specialist field within meteorology and climatology where research findings, in addition to being of academic
interest, have potential applications in the design of urban areas. Although sustained research in this area is over
fifty years old there is little evidence that urban planners employ this acquired knowledge. Urban, and particularly
building, climate research in Architecture and Urban Design (here, treated as part of one field of study distinguished
by scale only) has an equally lengthy history. This field of study has a fundamental interest in climate, as a key
objective is the creation of a 'comfortable' living environment. Despite the common interest in the urban climate,
these fields pursue different research interests, employ contrasting methodologies and present results differently. In
this paper I compare research in Urban Climatology with that in Architecture and Urban Design with a view toward
explaining the failure to apply the findings of the former. In addition, I will suggest potential subjects for research
that are of mutual interest and where the combined skills of the climatologist and the designer can be beneficially
employed.
INTRODUCTION
Research into the climates of urban areas is of long standing in many disciplines that are not directly involved in the
design of individual structures, neighbourhoods or urban areas. Despite the lengthy history of this work and the
obvious design implications, there is little evidence that the results of this work are applied in practice or are
incorporated into design manuals of good practice. With regard to the former, it is rarely the case that urban climate
management is a priority of design, however the increased emphasis on sustainable cities (33) in urban planning
may provide an opportunity for climate issues to be included in planning decisions. My concern here is with the
failure to transmit the results of urban climate research into the urban design literature.

It is often remarked that urban designers do not receive training in the atmospheric sciences and therefore cannot
judge the applicability of urban climate research. However, urban climatologists rarely refer to urban design
literature, do not pursue design objectives, and fail to communicate their results effectively to that community. In
this paper I examine the nature of urban climate research that is completed within the field of Architecture and
Urban Design (AUD) and compare it to that completed in those fields, subsumed under the broad title of Urban
Climatology (UC), without an explicit design objective. I assume that urban climate research in AUD is relevant,
comprehensible and applicable (30) to design and hope that this examination may explain the isolation of UC
research and indicate areas of research of mutual benefit. The references used to support my points are chosen as
representative of a general area of inquiry and are not intended to be exhaustive.
URBAN CLIMATE RESEARCH IN AUD
Architecture has as its primary goal the design of structures that provide shelter and comfort to their inhabitants
(32). In this respect, good design will achieve the goal of human comfort (broadly defined) by selecting sites and
materials appropriate to the environmental context - in other words, a good design provides a solution to the
problem of providing comfort (17). A significant part of the knowledge base of this field is a suite of design
solutions for buildings with different functions in different settings (3, 32). Often a particular building is presented
as an exemplar of good practice (14). Technological advancements in this century have permitted the design of
structures that emphasise engineered approaches to interior climate control, thus risking 'the destruction of the
association between inside and outside' (17, pl02), traditionally a primary generator of architectural form. As a
result, modem structures often do not reflect local climates, needlessly consume large amounts of energy and
assume a standard level of comfort for the building occupants (6, 17). The traditional approach to environmental
control relies on a synergy between local climate and design (e.g. site selection, material choice and structural
form). The resulting buildings have the advantage of reducing energy consumption, produce regional design types
and allow greater flexibility in occupant comfort (12, 32). Buildings that include passive and low energy techniques
provide the exemplars for this approach. These examples may either incorporate the newest technological
innovations (12) or, in harsh climates, represent indigenous design solutions (32) which are treated as 'the human
constructive parallel to the Darwinian evolution of environmental fitness in the biological world' (9, p279). In the
latter case research has focused on designs in very hot and cold climates where the relationship between climate,
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human comfort and architecture is considered axiomatic so that it remains. for the researcher to link the architectural
form to the climate forces that generated it (9).
While architecture considers individual sbUctures, urban design concerns itself with groups of sbUctures. Unlike
architecture, there is no dominant goal (such as outdoor human comfort) and the designer must be concerned with
all scales of decision-making from the urban to the individual building (4, 23). Nevertheless, the approach to the
study of urban climate within AUD is remarkably similar to that outlined above for architecture and is characterised
by:
I.
Z.
3.

a bioclimatic fOCliS,
an empirical and inferential approach and
the presentation of results as guidelines.

Research into climate conscious design seeks to elucidate guidelines of good practice which are demonstrated by
real-world examples (11, 26). Generally AUD has a bioclimatic objective that may be explicit (e.g. outdoor human
comfort) or implicit (e.g. reducing solar gain by building envelopes). The bulk of work has concentrated on the
climatic environment experienced by buildings within the urban area and the role of design decisions (e.g. site
. selection, urban form, street width and orientation) in moderating climate stresses (15, 24). The guidelines that
emerge link these decisions to the climatic consequence and extend ideas found within bfolirnatic architecture.
Therefore, just as house design in hot humid areas must emphasise ventilation, the urban fonn should be dispersed
or contain mixed building heights to enhance turbulent exchanges (12). By comparison, there is far less research on
establishing outdoor comfort criteria and linking measures of comfort tG urban designs ( 1, 6, 36)'.
AUD research relies primarily on measurements made at meteorological stations (5), by measurements with scaled
physical models (20) or by inference from observing design features in extreme environments (21). Given the
bioclimatic emphasis of AUD in this area, it is not surprising that researchers choose tG examine the variables
associated with human comfort (principally direct solar radiation, wind, temperature and humidity) and to consider
the role of urban design in controlling these individually or in combination. The majority of this research examines
this relationship for •real-world' situations (11, 23). For example, Arens and Bosselman (1) note that, although
some cities have separate planning laws governing sun access and wind-speed separately, compliance to ooth may
not result in a comfortable outdoor climate. Their work incorporates bioclimatic principles into urban design
practice by combining physical mooeling of the urban landscape (to determine shading patterns and estimate windspeed), climate data and a numerical mooel of human comfort (6). The research of Gupta (15) is distinguished by its
theoretical approach to examining the urban impact on indoor comfort. The thermal efficiency of hypothetical
building groups consisting of one of three building types (isolated, street and courtyard) were evaluated in terms of
the receipt of solar energy. The superior urban design is the one for which individual structure form and mutual
shading by neighbouring buildings ensures both minimum area exposed to the sun and maximum enclosed volume.
A substantial component of AUD research is the presentation of urban design exemplars (3, 22, 26 ). Similar to
architectural practice, good urban design practice is sought in indigenous. communities in harsh climatic
environments under the assumption that the settlement bas adjusted to environmental forces (21). As an example of
this type of research, Krishan (22) notes that in two historic Indian towns adjustment to climate forces occurs at
both sbUcture and urban scales: •AIJ major streets are oriented in the east-west direction at right angles to the
direction of dust storms. The height of the building(s) compared with the width of the slreets is large to create
shaded cool environment for the pedestrians, and social activities on the streets' (22, p219)'. Moreover, 'at the town
scale the buildings are of unequal height with parapets and high walls, creating uneven sky lines and a desired
shading of each other' (22. p222). This research doesn't provide field measurements to substantiate claims and
rarely does it engage in experimental design (8). In the absence of 'real-world' climate-conscious urban design (8).
Bitan (5) selects examples of design features at various scales from diverse urban settings to present a model city of
high climate quality.
The results of AUD research are often formulated in terms of guidelines or methOOologies for other urban designers
(12, 13). For example, Zrudlo (36) presents a climate based planning methooology for new urban settlements in
Arctic environments. He suggests that several design solutions to individual climate forces be derived
independently of each other before a compromise design is selected. This process is illuslrated with three urban
designs representing solutions to criteria established for solar access, wind-speed and snowdrifts. Similarly
KnGwles (21) presents a methodology for deriving 'solar envelopes' which provide volumes within which buildings
are confined. Urban designs based on this criterion of solar access would ensure that equitable access to this
resource could be incorporated into property rights.
DISCUSSION

In contrast to the bioclimatic focus of AUD research, UC concentrates on the •urban effect', the changes in
atmospheric properties as a result of surface-air exchanges in the urban environment. Over the fifty years of
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sustained research in this area, attention has shifted from descriptions of patterns of wind, temperature and humidity
to explanations based on the exchanges of heat, mass and momentum. The case-study approach that dominated
research prior to 1970s has largely been replaced by an experimental approach in which the effect of one
component of urban form (such as a street) is examined in detail. Meteorological theory (often represented by
numerical models) coupled with field observations made in simplified urban settings characterizes modern UC
research. The results of UC research usually appear in journals with a strong meteorological focus and are rarely
linked explicitly to design issues. Although our understanding of the processes responsible for the urban effect has
improved, there is little evidence that design practitioners access this knowledge. The contrasting objectives of, and
approaches to, urban climate research in UC and AUD partly explains the failure to communicate.
The focus of UC research is often substantively different from the interests of most AUD research. For example, a
great deal of work in UC is still completed on the topic of the urban heat island, an outdoor nighttime phenomenon
that is most pronounced under clear and calm skies as urban surfaces cool slowly. Much of this research examines
the pattern of air temperatures at the urban scale in the middle-latitudes. The design imperative from this research is
not convincing (19) given that this feature is temporally strongest when human comfort is easiest to attain and is
spatially strongest in the often uninhabited, business, sections of cities. By comparison, most design literature is
concerned with managing daytime human comfort and much research focuses on design solutions that can achieve
comfort in harsh climates. In fact, in AUD research the term 'heat island' is often used to refer to daytime urban
heat stress (11).
Most UC research is not carried out for the specific purpose of evaluating designs (35) so that the results are not
readily interpretable from this perspective. Moreover, the increased sophistication of UC research has rendered the
results inaccessible to those not trained in the atmospheric sciences. With few exceptions (2, 31) there have been no
attempts at summarizing the salient design implications from UC literature. Where this has occurred it has been
with regard to the canyon model (representing a simple street) which has provided a framework within which a host
of measurement and modeling studies have been completed (18, 29, 10). Although these studies have been
undertaken primarily in the middle-latitudes for the purpose of understanding urban processes at the smallest scale,
the results allow links to be drawn between design features (height, length, width and orientation) and outdoor
climate (solar access, wind and temperature). By comparison, the results of heat island studies that focus on the
pattern of nighttime temperatures for settlements have not resulted in the development of precise guidelines.
Even in those areas of overlapping research there is little interaction between UC and AUD. Thus, while there is a
considerable UC research on human comfort within the urban environment (7, 19, 25, 27) there is little.reference to
it in AUD literature (1, 6). This may be a result of the bias in AUD research toward indoor climates and the absence
of standards for establishing outdoor comfort (36), however I think it also reflects the difference in presentation
between these fields. In AUD literature good design is illustrated with 'real world' examples and is practiced
through the application of a methodology that provides a design solution in a given situation (6, 11). While the
establishment of UC as a respected branch of scientific inquiry has resulted in improved understanding of the urban
effect, it has also become increasingly theoretical.
CONCLUSION
Although the differences between AUD and UC hinder the exchange of information, they also highlight research
topics which, if pursued, would be of mutual interest and benefit. For example, there is a clear need for empirical
information on the 'urban effect' in tropical environments where there is both a clear planning imperative and a
dearth of knowledge. This is where urban growth is greatest, environmental problems are severest and resources are
most scarce (16). However, we have little information on either the climate or the structural characteristics (building
density, materials and heights, street widths and orientations) of these cities. Thus, while the process-oriented
approach of UC allows the application of models developed in middle-latitudes cities to other urban settings, we
lack the basic information to do so.
One area of distinction that offers considerable opportunity for UC research is that of bioclimatic urban design.
Much AUD literature selects traditional settlements in harsh environments to illustrate integrated climate-conscious
design at all scales from the urban to the dwelling. These settlements are selected to demonstrate good practice in
real situations. However, there have been few attempts (20) at examining the relationship between urban form (at
the settlement scale) and climate. UC research has tended to either concentrate on processes for 'generic' urban
environments chosen as representative, or on the urban effect for entire settlements chosen for convenience. The
climatological study of towns/cities selected on the basis of urban form would clearly link UC and AUD, provide
information on the urban effect in harsh environments and may provide an objective evaluation of the designclimate relationship.
Finally, there are few areas of UC study that have allowed the development of a body of comparable research
interpretable from a design perspective. The relative success of the canyon model in this respect suggests the need
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for other models of urban features. For example, the great majority of AUD research is concerned with the indoor
climate while that of UC research with the outdoor climate. A simple model that incorporates building forms and
accounts for the outdoor urban and indoor climates would generate research of interest to both AUD and UC (28).
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ESTIMATION AND VALUATION OF ARTIFICIAL WASTE HEAT IN URBAN AREA
Y. Shimoda1, D. Narumi 1 and M. Mizuno 1
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ABSTRACT
To evaluate the impact of artificial waste heat on urban atmosphere correctly, it is important to distinguish between
sensible heat and latent heat. The first part of this paper, artificial waste heat exhausted from Osaka Prefecture in
August is estimated by an integration method. Total amount of artificial waste heat is 2,133 TJ/d and the
percentage of sensible heat is 61%. In the second part, the amount of artificial waste heat and convection heat flux
from ground surface are compared in a central business district. Concerning the sensible heat in the nighttime and
latent heat, artificial waste heat is larger than convection heat flux from ground surface. In the final part, two
methods of evaluating artificial waste heat that differentiate between sensible heat and latent heat are proposed.
One is regarding sensible heat only as environmental impact, the other combines sensible and latent heat into a
thermal sensation index.

INTRODUCTION
Artificial waste heat is one of the important factors contributing to the heat island phenomenon. Especially, in
countries where cooling is diffused like Japan, there is a vicious circle between increase of waste heat from cooling
system and heat island phenomenon. Several studies have so far been made into the estimation of the quantity of
artificial waste heat emitted from urban areaa (1,2). However, for the correct evaluation of artificial waste heat,
sensible heat and latent heat must be distinguished since their impacts on atmospheric thermal environment are
quite different (3,4). In the first part of this paper, the amount, phase, position and time of artificial waste heat
emission from Osaka Prefecture, Japan are estimated. Furthermore, two evaluation methods of artificial waste
heat that differentiate between sensible heat and latent heat are proposed.

METHODS
Artificial waste heat exhausted from Osaka Prefecture in August is estimated by an integration method for
following three sectors respectively and compiled into a database. In this database, the amount of waste heat is
allocated into each grid (1141m X 930m), each phase (sensible heat, latent heat or thermal effluent to water
system) and each time respectively. The procedure for the estimation of waste heat is shown in Figure 1.
For the industrial sector, the amount of waste heat is calculated by multiplying the energy consumption data of
large smoke and soot emitting facilities and smaller facilities with the waste heat discharge ratio which is set for
each kind of facility by the authors (5}. For the transportation sector, the amount of waste heat is calculated using
the grid data of NOx emission from automobiles and electricity consumption of trains. For the residential and
commercial sector, only waste heat from cooling systems is calculated since most of energy consumption for the
other use is supposed to become a cooling load. Sensible waste heat Q. and latent waste heat Q1 is calculated by:

_ ""'""' COP;+l(b H)
Qsf~as,i COP;
i,J 1

(1)

(2)

where : a,,1 : The ratio of sensible heat to total waste heat from cooling equipment i
b;j: The ratio of equipment i in the building use j.

H1 : Cooling heat demand of building use j.
COP;: Coefficient Of Performance of cooling equipment i.

Unit heat demand per floor area and installation ratio of cooling equipment classified by the purpose of building
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are estimated from the result of the author's ,survey (6).

Energy consumption by large smoke and soot

r---

emitting facilities in 1990

Waste heat discharge ratio set

•

for each kind of facilities
Estimated amount of NOx emission by smaller
: facilities

Electric power supply for factories

...

Unit of energy consumption

~,

Grid data of NOx emission from automobiles

.....

Database of ·
Artificial
Waste Heat

Electricity Consumption of trains

Grid data of floor area
Equation (1) (2)
Unit heat demand per floor area

Installation ratio and efficiency of cooling
equipment (6)

....

-

Figure 1: Flowchart of the method for estimating artificial heat wastes.

Convection heat flux from ground surface is calculated from one dimensional heat balance equation, and some
parameters in this equation are estimated from the NVI (Normalized Vegetation Index) derived from Landsat TM
data by applying the method of Moriyama et al.(7). In this paper, heat sink into the air-conditioned building by
conduction and ventilation is ignored.
RESULTS
Figure 2 shows the grid map of monthly average sensible and latent waste heat discharge in August. Large amount
of sensible waste heat is discharged from factory area along the coast. Latent waste heat is mainly discharged from
cooling equipment in the central business district.
Hourly changes of artificial waste heat emission from Osaka Prefecture in August are shown in Figure 3. Total
amount of waste heat is 2,133 TJ/d, and the percentage of sensible heat, latent heat and thermal effluent are 61%,
23% and 16% respectively. Sensible heat from the industrial sector is the largest among the categories in Figure 3.
In the waste heat from cooling equipment, latent heat is larger than sensible heat in the daytime since it is mainly
discharged from business buildings that typically have cooling towers. In the nighttime, sensible heat becomes
larger since it is mainly discharged from residential structures that have room air conditioners. The total amount of
water that is discharged as latent waste heat from Osaka Prefecture is estimated at 6.6 X 106t/month, and it
corresponds to 3.7% of the average precipitation in August.
Figure 4 shows the grid map of sensible waste heat emission at 3 p.m. and 9 p.m. Sensible waste heat emission is
concentrated in the central business district in Osaka City as well as the factory area at 3 p.m. and it spreads to the
residential district around Osaka City at 9 p.m.
For the typical central business district bounded by the rectangle shown in Figure 4(a), the amount of artificial
waste heat and convection heat flux from ground surface are compared. Figure 5 shows hourly change of artificial
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sensible heat, artificial latent heat, sensible heat flux from ground surface and latent heat flux from ground surface.
Sensible heat flux from ground surface is much larger than artificial sensible heat in the daytime, however, the
inequality is reversed in the nighttime, so artificial waste heat is supposed to have a great impact on air temperature
in the nighttime. Artificial latent heat is about 5 times as large as latent heat from ground surface, it is clear that
moisture of atmosphere in this area is mainly supplied by artificial waste heat.

(a) Sensible heat

(b) Latent heat

Figure 2 : Monthly average sensible and latent waste heat discharge in August.
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(a) 3. p.m.

(b) 9. p.m.

Figure 4 : Sensible waste heat emission at 3. p.m. and 9. p.m.
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EVALUATION METHOD OF ARTIFICIAL WASTE HEAT DISCHARGE
For the quantitative evaluation of artificial waste heat as an environmental impact, consideration of the difference
between sensible heat and latent heat is important. In this paper, we propose two ways to evaluate artificial waste
heat.
1) Deviation from the "natural" condition.
Figure 6 shows the changes of the average air temperature and humidity in Osaka City for past 50 years. Besides
the air temperature has been increasing, both absolute humidity and relative humidity have been decreasing. So, it
can be said that latent waste heat mitigates drying of urban atmosphere and only the sensible waste heat is regarded
as the environmental impact.
2) Impact on the thermal sensation.
In this method, impact of artificial waste heat discharge is measured by the changes of thermal sensation. lkJ/m3 of
sensible waste heat discharge increases air temperature by 0.82K. On the other hand, lkJ/m3 of latent heat
discharge increases absolute humidity by 0.00033 kg/kg. By selecting the ET* as thermal sensation index,
weighting factors for sensible and latent heat, which means the degree of change in ET* from basic condition by
waste heat discharge, is calculated by
Sensible heat : w,
Latent heat :

=AET• I aQ,

(3)

w1 =!lET• I aQ1

(4)

Where !lET• : Change of ET* by waste heat discharge [K]
aQ,, aQ1 : Unit Sensible/latent waste heat discharge [=1KJ/m3]
Table 1 shows the result of w, and w1 for the average air temperature and humidity in the daytime and nighttime in
August. In the daytime, the difference between w, and w1 is small. However, w, becomes 1.5 times larger than w1 in
nighttime.

Table 1 : Calculation result of w, and w1•

Nighttime
Daytime

Air temperature
[deg C]
28.0
32.8

Relative humidity MRT
[%]
[deg C]
72.6
28.0
68.0
32.8

E't
[deg C]
30.6
35.9

0.31
0.19

Calculation condition : wind velocity = 0.5 m/s, clothing = 0.6 clo, metabolic rate = 2.5met.
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0.19
0.17

DISCUSSION
The above study demonstrates the conclusions and the subjects for a future study as in the following:
1) The sensible heat occupies only 60% of the total artificial waste heat discharged from Osaka Prefecture in
August, so the discharge of latent heat and thermal effluent into the water system cannot be disregarded.
2) In the central business district, the amount of artificial waste heat, which consists mainly of waste heat from
cooling equipment, is larger than the convection heat flux, and it dominates the water budget.
3) From the results of this paper, most of waste heat from cooling equipment is latent heat. However, air-cooled
condensing units have been increasing in popularity quite rapidly, so more research is needed into their impacts
on the urban atmosphere.
4) On the comparison between artificial waste heat and convection heat flux from ground surface, integrated
analysis which combines heat balance at building surface, cooling load and the other waste heat, is necessary.
5) On the evaluation of artificial waste heat with consideration for the difference between sensible heat and latent
heat, the CFD approach which predicts the distribution of temperature and humidity by numerical simulation is
also important.
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THE PROJECT "URBAN CLIMATE 21 -STUTTGART-"
BASIC MATERIALS FOR URBAN PLANNING "STUTTGART 21"
J. Baumueller, U. Hoffmann and U. Reuter
Department for Urban Climatology, Office for Environmental Protection, Stuttgart, Germany

ABSTRACT
The moderate climate of Stuttgart with low windspeed is determined decisively by its protected situation in the
lee of the Black Forest in the west and the Schwabian Alb in the south. This local situation was .the reason that in
Stuttgart urban climate was taken into account in town planning and urban design earlier than in other cities. In
connection with the planned reusing of a large railway area (1 00 ha) as a settlement for 15 000 new inhabitants
and 25 000 employees in the climatic sensible basin of the city center of Stuttgart it was necessary, to acquire and
to investigate basic about the local climate and air hygiene, to take into account in the actual planning ("Stuttgart
21 ") as early as possible.
The project "Urban Climate 21 - Stuttgart " now is on work 3 years. The concept and the coordinatation for this
project is done by the Department for Urban Climate in Stuttgart. Because of the short space of time, not all of
the investigations concerning urban climate, air pollution and traffic noise on meso- and microscale were
completed at the beginning of the planning. Many different institutions have cooperated on the project till now
and worked out a lot of important results for the planning.

INTRODUCTION
Without reason there hasn't already been an
investigation into the climatic and air
hygienic features of the town in Stuttgart
early. The beautiful scenic position of
Stuttgart and the thermal favor of this climate
region is on the other side a problem for the
City because the ventilation and dispersion of
air pollutants is very weak.
The topographical structure of the municipal
area with differences in altitude of more than
300 m (Fig. I) cause local , thermal
conditional wind systems. This is important
for ventilation and thus to the air quality
improvement in the city at calm weather
conditions. The knowledge of the preferred
paths of the air exchange and the fresh air
lanes are essential bases for the town
planning in Stuttgart.
It was required to provide climatic and air
hygienic bases and to take these into account
in the planning of a I 00 ha great area in the
climatically sensitive center of Stuttgart as
early as possible (1). The methods used are
listed in the following section and some
results of these examinations are represented
exemplarily.

Figure 1: The topography of Stuttgart
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METHODS
The project "Urban Climate 21 - Stuttgart" contains for example the following investigations:

Measurements:
•
•
•
•

Installation of a measuring station to record air pollutants and meteorological parameters in the planning area
Measurements of nocturnal cold air flow with thethered ballons and tracergas (SF6) at two different times (2)
Windtunnel experiments on differerent planning models (3)
Mobile measurements of temperature and humidity (1 year) in the planning area (4)

Computer simulations:
•
•
•
•
•
•

Two-dimensional calculation of the wind conditions under consideration of nocturnal cold air flow on a
mesoscale (DIWIMO, KALM) (5)
Calculation of the solar radiation based on a digital height model (OHM) (6)
Calculation of the air pollution by traffic in the planning area (Mesoscale) (7) (8)
Calculation of the air pollution by traffic in the planning area near the new railway station (Microscale) (3)
Calculation of the thermal comfort (PMV) in the planning area near the new railway station (Microscale) (3)
Calculation of the traffic noise in the planning area (1995 and 2010) (9) (10)

RESULTS
Nocturnal Cold air Flows in Stuttgart
Local windsystems are very desired and important
for ventilation and to reduce the heat island effect in
Stuttgart especially in the city center with the high
density of buildings. The necessary preservation of
this local wind is a basic claim of urban climatology
in Stuttgart. This also presupposes the long-term
securing of the important areas with cold air
production on the surroundings of the city. The
Figure 2 shows a calculation example of the
computational model KALM (5) for the cold
airstream in the municipal area of Stuttgart. The
model allows the calculation of the cold air flow
volumestream in the city dependent on time. The
volumestream (m3/ms) and the velocity of the cold
air stream is strongly dependend on landuse.
The Nesenbachvalley is part of the essential cold air
paths in the central area of Stuttgart.
This cold stream of air is so an important factor for
the planning area "Stuttgart 21 ". In the
Nesenbachvalley the cold air stream is about 100
Mio. m3/s and is up to 95 m high.
Areas lying more highly above sea level prove as
prior-ranking cold air production areas while the
valleys are cold air collecting areas. In the populated
valley situations the fluent cold air is warmed partly
and is stopped

Figure 2: Nocturnal cold air flow in the
planning area of "Stuttgart 21" (grey)
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Dynamic wind field
In an area of complex relief
like in Stuttgart there is a great
change in the wind flows near
the ground due to the cold air
flow but also by dynamic
effects. In the valleys you can
find a canalization of the wind
direction and at the hills also
strong changes of the wind
speed. While higher wind
speeds appear on the top of the
hills by nozzle effects, the wind
speeds are diminished in the lee
of the hills. The diagnostic wind
field
modeling
with
the
computational model DIWIMO
(5) allows to calculate the wind
speed and wind direction near
the ground (I 0 m) as the result
of given winddirections in 700
m above ground .
The representation of the twodimensional distribution of the
wind statistics supplies a good
overview of the middle wind
conditions in the planning area.
The synthetic windroses were
calculated by the combination
Figure 3: Synthetic windroses in the planning area of Stuttgart 21
of the wind field modeling and
of the calculation of the cold
air flows as well as the imbedding of measured windroses. The figure 3 shows examples of synthetic windroses in
the planning area of "Stuttgart 21 ". The known fact is shown that very different windroses dependent on the
respective location appear in Stuttgart. The strong canalization of the wind conditions strengthened in the
Nesenbachvalley by the nocturnal cold air stream can be recognized well.

Microscale modeling
Using the concept of the master plan for Stuttgart 21 for the southern part of the planning area a development
plan was developed. For this area a lot of microscale modelings were done to get information about wind comfort
near new buildings, change in ventilation, air pollution for a lot of air pollutants, bioclimate such like PMV and
PET and shadow effects. To do this different models were used for example PROKAS, MISKAM, MUKLIMO,
DASIM and SCHADOW.
The calculation takes into account the planning situation in the year 20 I0 compared to the actual situation. The
calculations were done with the model MISKAM (3) also near the new central station using windtunnel
investigations for optimizing the input parameters.
The figure 4 shows some results of the air pollutant calculations (benzene) carried out with MISKAM for the
area around the central station. Besides today's condition the situation in 2010 was also prognosticated.
Relatively high benzene concentrations are found in the today's condition near the area around the central station.
In the year 1995 the benzene concentrations reachs 10 J.lg/m3 but in 2010 the highest concentrations are about 3-4
J.lg/m3 • This is due to the better conditions of the vehicles and the reduced traffic volume which take place.
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Figure 4: Comparison of the benzene concentration (llg/m 3 ) in the year 1995 (left side) and the year 2010
(right side) near the central station in Stuttgart

Wind tunnel
The possibility to determine the influence of the buildings on the flow field and thus also on the pollutant
spreading offer boundary layer wind tunnels. The figure 5 shows a model of the planning area "Stuttgart 21" in
the wind tunnel. The model size is approx. 2 m in the diameter. The wind comfort was particularly examined in
the wind tunnel in the planning area.
The results over areas with wind problems are also of great meaning for the later use of the outside areas. So it is
logical that sensitiv areas such as street coffee.houses, Kindergardens and places where people stay for a longer
time should not be in regions with high windspeeds and turbulence

Figure 5: Model of a part of the planning area "Stuttgart 21 " in a boundary layer windtunnel
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DISCUSSION
Not all the urban climatological examinations to the planning "Stuttgart 21" are completed yet. Partly, the
examinations can only begin when concrete detail plannings are recognizable or when they are decided. For the
development of the master plan which was the subject of an international architecture competition and of detail
plans for the new central station the results were used for the planning. The results of all these investigations
about the local climate of Stuttgart will be helpfull for the whole city planning and air pollution management in
Stuttgart and not only for the local project "Stuttgart 21"
All examinations become published, edited by the provincial capital Stuttgart, office for environmental
protection, in the publication form "Untersuchungen zur Umwelt Stuttgart 21" .
Extensive documentation of the urban climatiological examinations is found also on the CD ROM Urban Climate
21 ( 11) - bases to the urban climate and to the planning "Stuttgart 21" verse, which is sold by the dept. Urban
Climatology of the Office for Environmental Protection in Stuttgart. This CD-ROM was developed in close
cooperation between Lohmeyer Consulting Engineers (Karlsruhe) and the Department for Urban Climatology in
Stuttgart. Results of the examinations to the town climate of Stuttgart are found also under the internet address:
http://www.stadtklima.de/websk21 /index. htm
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QUALITATIVE WIND COMFORT MEASUREMENTS BY USING INFRARED
THERMOGRAPHY
Ralph Buckisch 1 and Prof. J. Brechling 1
1. Institute for Aerospace Engineering, WindTunnel, Dresden University of Technology, 01062 Dresden, Germany

ABSTRACT
Experiments in the wind tunnel allow the classification of the effect of building structures on the wind field. A
conventional method for the qualitative registration of problem regions with regard to the wind conditions is the
sand erosion technique at large-surface models. However, such tests are connected with a high expenditure. The
use of an infrared camera constitutes an efficient alternative. An overflowed heated up plate emits heat into the
fluid on account of forced convection. A temperature distribution results.
A heated city model behaves similarly in the wind tunnel. The temperature distribution is registrable with an
infrared camera and can be evaluated with a computer. At places of higher flow velocity, lower surface temperatures occur. Wind exposed layers are localizable in a mode analogous to the sand erosion method.
In the low speed wind tunnel of Dresden University of Technology the infrared camera system was used after
basic experiments in connection with a project study for the development of the Prager Strasse (pedestrian zone)
in Dresden. In this case, the method was convincing due to shorter experimental times and easier handling compared to the sand erosion method.

INTRODUCTION
Experiments in the wind tunnel allow the classification of effects on the wind field that are produced by building
structures. As a result of such experiments, predictions can be made concerning the local flow conditions and
conclusions can be drawn from them.

Figure 1: A model of the Berlin Reichstag building in the wind tunnel

Experiments of this kind fall under the heading of wind comfort investigations. For the classification an effective
wind speed is used, which results from the sum of the measured mean value and the triple RMS -value. A quantitative evaluation of a whole city model in the wind tunnel requires an exorbitant amount of experimental work.
Therefore, wind exposed layers are usually detected in a qualitative way first. A conventional method for this
procedure is the sand erosion method, which causes high experimental costs, too. The use of an infrared camera
is an interesting alternative ( 1).
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Figure 2: Wind comfort investigations on a model of a development proposition for the Dresden Wiener
Platz by using the sand erosion method

METHODS
In the case of flows without pressure gradients and external forces there is an analogy between momentum transfer and heat transport (2). An overflowed heated flat plate transfers heat to the fluid on account of forced convection. This energy transfer depends on the local heat transfer coefficient, and thus on the Reynolds number and,
accordingly, on the flow velocity. The heat transfer to the fluid is greater at high local velocities than at low ones.
Also a turbulent flow state intensifies that heat exchange. Higher momentum transfer brings about higher heat
transfer. A heated model of a city behaves similarly in the wind tunnel. On account of the different local, effective wind velocities, a different rate of energy per surface segment is transferred to the fluid, depending on the
position. Therefore, the surface temperature on the model will be different. This distribution can be detected with
an infrared camera and can be evaluated on a computer. In places with higher effective flow velocity, lower surface temperatures occur. Consequently, it is possible to draw qualitative conclusions from the local heat transfer
with respect to the local momentum transfer and, therefore, to the effective wind velocity. Analogously to the
sand erosion procedure, this is another way to localize wind exposed layers, which, if required, can be examined
quantitatively.
The figure given below shows the experimental setup.

Fig. 3: Experimental setup for thermographic investigations
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For the heating of the model surface alternatively spotlights or a hot plate are used. Immediately before the real
wind comfort experiment starts, an infrared photograph without flow is taken, to allow adjustment to the differences in the distribution of heat on the surface. For the evaluation a relation is established between the local temperatures with wind load and without wind load. Both measured values are decreased by a reference temperature
(ambient temperature).

S(x, y)

=

(T(x, Y)withflow

(T (X, Y) without flow

- Tref)
- Tref )

RESULTS AND DISCUSSION
Preliminary experiments were carried out using the hot plate with and without building models of buildings to
test the experimental setup and to determine the influence of the thermal development. Further tests with cylindrical and cubic bodies show the effects of different positions downstream and of different turbulence intensities.
In the first period of experiments three kinds of velocity profiles were investigated. The next figure shows the
dependence of the dimensionless surface temperature on the position the in downstream direction in the case of
the flat plate without buildings.
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Figure 4: Dimensionless surface temperature in the downstream direction
The curve shows a small dependence only. Therefore it can be concluded, that the downstream position does not
influence the heat exchange in this special experimental setup. Figure 5 supports this statement. It shows the
infrared photograph of a cube at different downstream positions.

X=400 mm

X=600 m m

.

Figure 5: Infrared photographs of a cube at different downstream positions
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Figure 5 indicates that zones of low temperature refer to wind exposed layers. Both photographs show the higher
speed regions with good agreement in a qualitative sense. The difference in position causes only small deviations
in the distribution of the dimensionless surface temperature.
Preliminary experiments show that regions of higher effective wind speed (caused by the increase of mean speed
or turbulence intensity) can be localized by using infrared thermography. The influence of the thermal development can be neglected.
The next step includes a comparison of the sand erosion method, hot wire measurements and infrared thermography. All measurement methods were applied to the same model by using equal flow conditions. The approaching
flow was similar to a wind profile over urban terrain. The exponent of the velocity profile amounts to 0.235 (3).
Sand erosion experiments were made for four stages of velocity. A photograph was taken after 5 minutes . Overlying the scour pattern created at each speed, a contour map was produced for qualitative localization of high speed
regions. For hot wire measurements an !-shaped probe was used at a height of 3mm above the plate surface. The
tests were made at a reference velocity of 10 m/s. To produce a map of velocity distribution more than 4000
positions were measured on the model. For comparison the effective wind speed was used. Infrared photographs
were taken at a reference velocity of 10 m/s. The evaluation was made in a qualitative sense (4). Regions of
higher wind speed were detected well by all test methods. Some differences appear in the front and in the wake of
the buildings. That could be caused by the fact, that an !-shaped probe cannot measure vertical components of
velocity. But these components have some influence on sand transport and heat exchange. The result of this comparison shows a good agreement with similar tests mentioned in the literature (5).
The comparison shows, that infrared photographs are suitable for the qualitative evaluation of the wind field in
wind tunnel tests. This test method convinced due to easier handling and shorter experimental times.
With regard to more highly structured models the infrared camera system was used for the first time within a
project study for the development of the Prager Strasse (pedestrian zone) in Dresden (6). Figure 6 shows the
dimensionless temperature distribution of a development proposition for the Prager Strasse in Dresden. It indicates that zones of low temperature refer to wind exposed layers. In the project 17 propositions were investigated
with regard to two different wind directions.
Low

High

Wi nd Speed

Figure 6: Qualitative wind velocity map for a development proposition of the
Prager Strasse in Dresden

CONCLUDING REMARKS
Qualitative statements about the wind comfort in a model of urban structures can be derived in a simple manner
by use of infrared photographs. The photograph for one velocity is sufficiently significant. Zones of high wind
velocities, which require quantitative measurements, can be localized analogously to the sand erosion procedure.
Simple handling and lower cost are advantages compared to the sand erosion method.
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ANALYSIS OF ORGANIZED STRUCTURES IN URBAN TURBULENCE
C. Feigenwinter, R. Vogt and E. Parlow
1. MCR Lab, Dept. of Geography, University of Basel, CH-4055 Basel, Switzerland

ABSTRACT
The continuous wavelet transfonn provides a suitable tool to visualize the vertical structure of turbulence and to
detect coherent structures in turbulent time series. This is demonstrated with a simple example of an artificially
ramp structured time series. In this study turbulence data, i.e. the fluctuations of the horizontal wind components
u' and v ', the vertical component w' and temperature T, sampled with 20.83 Hz and measured simultaneously at
three levels {z/11=1.5, 2.1 and 3.2, with z as the sensor height and h the height of the roughness elements) over an
urban canopy in the inner city of Basel, Switzerland, are analyzed. The detection of the coherent structures was
perfonned using the Mexican hat wavelet and the zero-crossing method. The analysis for unstable conditions
shows, that organized structures (ejection-sweep cycles) cover about 60% of the total run time. This is confinned
also by quadrant analysis, which shows ejections (bursts) becoming more and more dominant over sweeps (gusts)
with increasing distance from the roughness elements. A conditional average from a total of 216 detected
ejection-sweep sequences during 10 hours was calculated over a time window of 100 seconds. This dominating
time scale was derived from peak frequencies of the wavelet spectra as well as from the Fourier spectra. It is
shown, that the nonnalized amplitudes of fluctuations of temperature and longitudinal wind speed during the
events are largest just above the canopy and decrease with increasing distance from the roughness elements. A
comparison of related studies over different non-urban surfaces (mainly forests) shows that the shape of
conditionally averaged ejection-sweep sequences is very similar for all canopies, however, the dominating time
scale in general increases the rougher the surface is and the higher the roughness elements are.
INTRODUCTION
An increasing number of papers dealing with the subject of atmospheric turbulence and wavelets has been
published since 1991, when (1) and (2) established the wavelet transfonn in turbulence research. The continuous
wavelet transfonn is an attractive tool for decomposing a time series into time-frequency space, which gives the
opportunity to determine both the dominant modes of variability and how these modes vary in time. Turbulent
transport within and above a canopy is dominated to a large extent by large-scale intermittent coherent structures.
These structures are known as periodic ramp patterns in time series of scalars (i.e. temperature) or, in a more
general point of view, as occasional large amplitude excursions from the mean in time series of turbulent
variables. They are characterized by cycles of 'ejections' (bursts) and 'sweeps' (gusts}, which have been observed
over a wide range of canopies. The existence of coherent structures over an urban canopy can be visualized in the
wavelet scalograms of temperature time series from three measurement levels (36, 51 and 76 m a.g.l.) from a
tower in the inner city of Basel, Switzerland.
METHODS

Quadrant analysis
The mean rate of downward diffusion of longitudinal momentum is represented by the kinematic Reynolds stress.
Sorting the instantaneous values of longitudinal (u) and vertical (w) wind components into four categories
according to the sign of the fluctuating components provides more infonnation about the diffusion process. The
quadrants in the (u, w)-plane are numbered as follows:
quadrant 1: u > 0,
quadrant 2: u < 0,
quadrant 3: u < 0,
quadrant 4: u > 0,

w>0
w>0
w <0
w<0

outward interaction
ejection or burst
inward interaction
sweep or gust

Note that for scalar transport (i.e. w'T), quadrants 1 and 3 refer to ejections and sweeps, respectively. See i.e. (3)
for a description of quadrant analysis.

The continuous wavelet transform
The continuous wavelet transform W(s, 't') of a real square integrable signal fit) with respect to an analyzing
wavelet IJI(t) can be defined as
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1W(s,'t')=jJ(t)'lf __:_
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1t=jJ(t)llfs,T(t)dt,

[1]

s_..

where s is a scale dilation and ~ is a position translation. It can be viewed as a numerical microscope, whose
optics, magnification and position are given by 'lf(t), sand~. respectively.
The wavelet transform is an energy preserving transformation, and so it follows, that the total energy E1 of a
functionft't) can be written as
[2]

where CVI is a constant for each wavelet function and '"' denotes the Fourier transform. Equation (2) correlates
the Fourier energy spectrum Etro) to the wavelet spectrum E/s). See (4) for a comprehensive theoretical
discussion of the relation between Fourier and wavelet spectra. For a complete theory of the wavelet transform
refer to e.g. (5) and for a more practical guide to wavelet analysis to (6).

Detection method -a simple example
The analyzing wavelet in this study is the so-called Mexican hat wavelet, a second derivative of a Gaussian. This
wavelet has the advantage, that the detection of temperature ramps involves only identification of zero-crossing
points of the wavelet coefficients with a particular slope sign and does not require the use of a threshold like other
methods. For a comprehensive test of temperature ramp detection methods see (7). Additionally, the wavelet
transform as an alternative to the Fourier spectral analysis can also be used to determine the characteristic time
scales of the organized structures as shown by (8). A simple example shall demonstrate the capabilities of the
continuous wavelet transform to detect organized structures and their characteristic time scale.
The wavelet transform has been applied on a signal of idealized ramps shown in figures 1 (thick line) and 3
(bottom). The wavelet coefficients at different scales show a zero-crossing at times, when a sharp decrease
(jump) occurs (fig. 2), if the scales does not override the characteristic duration of the ramp (about 50 s), which
is determined by analyzing the wavelet variance (or spectrum) according to eq. (2). The wavelet spectrum as well
as the Fourier spectrum in fig. 3 (middle) exhibits a peak at the frequency that contributes most to the energy of
the input signal, around 0.01 Hz in our example, which corresponds to a time-scale of 100 seconds (double the
time of one elementary event, because one has to remember, the wavelet sees the departures from the mean as
well as the cyclic behavior). Figure 3 (middle) is also a good example for the advantages of wavelet spectra
(smooth, well defined peak) compared to Fourier spectra.
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Figure 1: Wavelet coefficients for scales corresponding to 5, 20, 50 and 100 seconds and the artificial ramp
dataset.
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The top of fig . 2 represents the wavelet transform according
to eq. (1). The wavelet coefficients (contours) are plotted
against time (ordinate) and frequency or scale (abscissa).
Light colors represent positive, dark colors negative wavelet
coefficients. This gives an idea of how to interpret such a plot
with respect to the original input signal. Every sharp decrease
is represented by a clear transition from light to dark. Lowamplitude ramps are represented by low amplitudes of the
wavelet coefficients, resulting in more diffuse colors in the
contour plot. The solid black line represents the "cone of
influence". The region above this line is subject to errors due
to edge effects of the Fourier transformation (6).
Once we have detected the significant events by the zero
crossing method, conditional averages sampled over a
suitable time window L1t centered at detection points t; are
calculated after

(JCt)) = ~
N
with

t;

f f(t +t) - J;
aJ;

i=l

-L1t!2 < t <

t;

[3]

+L1t/2, N the number of detection points,

a /; the standard deviation over the time window for
normalization and /; the local mean value.

Figure 2: Wavelet transform (top),
Fourier spectrum (0) and wavelet
spectrum (+) (middle) of an idealized
ramp time series (bottom). See text for
an interpretation of the scaloJ?;ram.
RESULTS
Data analyzed in this study are from a special measurement campaign, which took place in the inner city of Basel,
Switzerland, from July, 25 1995 to February, 27 1996. Three Solent Gill ultrasonic anemometers (Type R2, 20.83
Hz) were operated at three different heights (z/h=3.2, 2.1 and 1.5) on a 51 m antenna tower on the roof of a 24 m
high office building. See (9) for a detailed description of the experimental setup.
Coherent structures can clearly be detected by eye in the temperature time series in fig. 4, where periods of slow
increase are followed by an abrupt decrease. These ramps occur simultaneously at all three levels but also
isolated at just one or two levels. For this study, we concentrate on simultaneous events at all three levels,
because we are interested in the main structures that rule the flow. Figure 4 shows the contour plot of the
continuous wavelet transform of an arbitrarily chosen 53 minutes run (2 16 data points) of temperature fluctuations
Tat three levels (v'h = 3.2, 2.1 and 1.5, from top to bottom) as well as the time series itself. Zero crossing points
of the wavelet transform coefficients with a negative slope for different periods ranging from 25 to 400 seconds
are indicated by symbols. From this figure, it is obvious, that the main structure for periods around 100 seconds is
more or less the same at all three levels.
Analyzing the Fourier and wavelet temperature spectra for a bunch of 11 runs (from 10:00 - 21:00 on August, 3,
1995) under unstable conditions, the peak frequencies of the spectra lie in the range from 0.009 Hz to 0.015 Hz,
with a slight shift to lower frequencies with increasing height. Therefore, the scale chosen for jump detection is
corresponding to a period of about 90 seconds. Jump detection was performed at the zJh = 1.5 level, and detection
points had to occur simultaneously within an interval of 10 s at the upper two levels. This procedure results in a
total of 216 detected events between 10:00 and 21 :00, an average of nearly 20 events per 53 minute run. This
means, that around 63% of the time are covered by organized motion. This is in excellent correspondence to the
results of quadrant analysis for the whole data set for unstable conditions shown in fig. 5. From figs. Sa) and 5c),
the dominance of ejections and sweeps over inward and outward interactions as defined in the quadrant analysis
theory section can be seen for momentum transport (fig. Sa) as well as for sensible heat flux (fig. 5c). The
summed time fractions of ejections and sweeps are around 60% for both momentum and sensible heat flux .
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For the 216 detected events, the conditional averaging
procedure according to eq. (3) is performed on a time
window of 100 seconds, which results in an averaged
pattern of a typical ejection-sweep sequence for unstable
conditions shown in fig. 6. Figure 6 gives a clear idea of
how temperature and vertical and horizontal wind
components perform during an ejection-sweep event.
Temperature (indicated by the contours) rises moderately
towards the detection point, where a sharp decrease is
followed by a steadily increase. Amplitudes of the
fluctuations are largest at the lowest level. At relatively
slow longitudinal wind speed u' (horizontal component of
arrows in fig. 6), warm air from the surface is transported
to higher levels (ejection, burst) by a positive vertical
wind component w' (vertical component of arrows in fig.
6). When the system breaks down, u' increases and
advected colder air is transported downwards to lower
levels (sweep, gust). The mean duration of these events
was calculated to be around 90 seconds, which is in good
correspondence to Oikawa and Meng (10) for suburban
surface data. Similar patterns were obtained for other
surface types, however with different dominating time
scales. See table 1 for a comparison.

t9521525
1000

100

10
1000

~

100

"0

0

I

10
1000

100

10
1000

500

-2

F

...1\(\

•

f- ~ , ' Afl • ..

1500
time [•)

..,.., 1

""'-""" ='

~~· '•\• JI'U~,, .,..,.~.
•.
4>i =••
~"

_2_

500

2500

2000

1000

4

1'1"

l

3000

"&

A

n.d

10

;I)

....

~,.

I
1

~·~•• ...cLA
.. ,...,,._
t""'"r"
>+4X>

n

1500
time [s)

2000

2500

3000

Figure 4: Wavelet transform of temperature
fluctuations T' at three different heights (z!h =3.2,
2.1 and 1.5, upper part from top to bottom) and
the corresponding time series (lower part).

0

\

i

0

u

60

70

1',
~

II

P,
-0.5

80

II

}

0

p

0.0

0.5

(/

50
-40

1.0

30

0 .15

S(i,O)

sor
l
I

J:

·
0.6
S(lD)

l \l

0.20

0.25

0.30

70

E
0.35

60

T(~O)

- ·-«-r- li =~
0.0

~

80

1.0

(J)

0

£(J) 50
'iii

40

u

i._
r -~-~-~__j

0.15

0.20

0.25

0.30

t:

.r:

.30
-40

0.35

T(I,O)

Figure 5: Results of quadrant analysis for
unstable conditions: Flux (S(~O)) and time
(T(~O)) fractions for momentum transport u 'w'.
(a, b) and for sensible heat transport w'T '(c, d).
Symbols +, L1, n and * refer to quadrants 1, 2, 3
and 4, respectively, as described in the theory
section.

-20

0
time [s )

20

40

Figure 6: Vertical cross section of the ensemble normalized
temperature (contours) and wind (arrows) field of the
organized structures derived from 216 events between
10:00 to 21:00 on August, 3, 1995 under unstable
conditions. Data are normalized with their respective
standard deviations according to eq. (3) and smoothed with
a 1 s runnine mean.

568

Table 1: Comparison of several studies dealing with the subject of organized structures over different surfaces.
~ ; fr·tr.,

4

·~

Gao et al. (1992) (11)
Bergstrom and Hogstrom (1989) (12)
Paw U et al. (1992) (13)

Collineau and Brunet (1993b) (8)
Brunet and Collineau ((1994) (14)
Oikawa and Meng (1995) (10)
this study

...

t , .:,.r.~

deciduous forest
pine forest
maize crop
walnut orchard
almond orchard
pine forest
maize crop
suburban
urban

t 'lr'• ,.

18m
20m
2.6m
6m
8m
13.5m
1.55m
7m
24m

,

.

~'

·

·· ··

· ··

·

50s

33-40s
8-15 s
30-60s
30-60s
10-15 s
5-7s
80s
90s

CONCLUSIONS
The continuous wavelet transform provides a suitable tool to visualize the vertical structure of turbulence and to
detect coherent structures in turbulent time series. Additionally, some of the results can be confirmed by quadrant
analysis. This is demonstrated with a simple example of a ramp structured time series. The analysis of turbulence
data from above an urban canopy under unstable conditions shows, that organized structures cover about 60% of
the total run time. This is confirmed also by quadrant analysis. A conditional average from a total of 216 detected
ejection-sweep sequences was calculated over a time window of 100 seconds. It is shown, that the normalized
amplitudes of fluctuations of temperature and longitudinal wind speed during the events are largest just above the
canopy and decrease with increasing distance from the roughness elements. A comparison of related studies over
different canopies shows, that the shape of conditionally averaged ejection-sweep sequences is very similar for all
canopies, however, the dominating time scale in general is increasing the rougher the surface is and the higher the
roughness elements are.
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ABSTRACT
Hourly weather data from a dense network of 80 weather stations in the Greater New York City Metropolitan
Region is used to document the detailed structure and evolution of several mesoscale and local weather
phenomena including the sea breeze, the Urban Heat Island (UHI), and the backdoor cold front. Two new
phenomena, the sea breeze jet and the Watchung Front, were identified. When the synoptic scale wind blows
from the southwest, a sharp sea breeze front often forms several miles inland from the New Jersey coast on
spring days. If the warm air is stably stratified, it is deflected to the east by the Watchung Mountains, where it
accelerates to form a sea breeze jet, which further intensifies the temperature gradient. The Watchung
Mountains serve as a natural barrier that forms the site of a stationary front called the Watchung Front. Colder
air is easily trapped in the valleys to the northwest of the Watchungs when northeast winds prevail on winter
days or on clear and calm nights at any time of year.
INTRODUCTION
The Greater New York Metropolitan Area may, at any one time, encompass an extremely wide range of weather
conditions. During winter storms the rain-snow line frequently straddles New York City so that the northern
suburbs can get a foot or more of snow while the southeastern parts of the city get only rain. In spring, strong
sea breezes and back door cold fronts chill the coast and mask it in fog while temperatures can be more than
20°C warmer under sunny skies a few miles inland. And, on many days throughout the year, the Urban Heat
Island (UHI) can be greatly magnified by cool air trapped in the valleys between the parallel lines of modest hills
(200- 400 m high) beginning with the Watchung Mountains, north and west of the City.
The scale of many local weather features in the area is too small to diagnose using the widely spaced network of
National Weather Service Stations alone. The purpose of this article is to use the dense network of about 80
weather stations in the New York-New Jersey Metropolitan area to document the detailed structure and evolution
of important local and mesoscale weather phenomena.
DATA SOURCES
Data sources are same as in the companion paper by Austin, et. al. ( 1999). However, the case studies in this
paper are confined to the six-month period from January through June, 1998. The phenomena are explored by
animating hourly weather maps with station wind vectors that are color coded according to temperature.
SEA BREEZE FRONTS AND JETS
Sea breezes are thermally direct circulation cells that arise during the day when the land grows warmer than the
ocean. They occur over half the days during spring and summer along the coasts of Long Island and New Jersey.
They are more common in summer when the prevailing wind blows from the south, but the strongest sea breezes
occur in spring because the ocean is so cold.
Sea breezes around New York are frequently modified by strong synoptic scale winds. Brisk northwesterly
winds suppress the sea breeze completely. Indeed, if the continental polar air is colder than the water, stations
located on the barrier islands are the warmest in the region. Southwesterly winds produce strong sea breezes that
penetrate far inland on Long Island, but oppose the sea breeze along the coast of New Jersey, delaying its onset
and restricting its penetration inland. Under such conditions a sea breeze front will tend to form a few miles west
of the coastline despite the directional divergence of the synoptic scale winds.
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Figure 1: Conditions leading to
the formation of the sea breeze
front and the sea breeze jet.

A case of a pronounced sea breeze front occurred on the afternoon of 29 March 1998. Brisk SSW winds over
New Jersey confined the sea breeze to a coastal strip less than 20 km wide. Further north, where there is no
directional divergence of the synoptic scale winds, an enormous E-W temperature gradient developed between
the New Jersey Meadowlands and New York City. Hot but stable air (at 850mb, T = 16°C) from central New
Jersey was deflected eastward by the Watchung Mountains and converged with the sea breeze from Long Island
(Figure 1). FRI, nearest to the ocean and probably representative of all air along the south shore of Long Island,
registered a temperature of 11.0°C at the same time EWR recorded 26.0°C. Almost identical scenarios were
repeated on 30 and 31 March 1998.
When the synoptic scale southerly wind has a weaker westerly or an easterly component, the sea breeze
penetrates further into southern and central New Jersey, reducing the temperature gradient there and spreading it
over a wider area. At the same time, the sea breeze over Long Island develops a significant easterly component
and tends to narrow into a jet that passes over New York City and the New Jersey Meadowlands, as on 19 May
1998. When the synoptic wind has a significant easterly component, directional convergence of the winds can
intensify the sea breeze jet over New York City and provide additional cooling from the cold waters of Long
Island Sound, as on 2 May 1998.

BACKDOOR COLD FRONTS
Every spring, the cold Atlantic waters north of New Jersey coupled with an eastward displacement of the core of
coldest Canadian air to Quebec renders the entire northeastern corridor of the United States vulnerable to
invasions of cold air from the northeast called backdoor cold fronts. When the Canadian High is the dominant
system, cold air tends extends inland to the spine of the Appalachian Mountains. When a low pressure area
moves off the east coast, the cold air tends to penetrate only a few miles inland, and create a forecaster's
nightmare. The coast is often covered by low stratus or shrouded in fog while skies are clear less than 50 miles
inland. Temperature differences across this front can exceed 25°C during the day and remain large at night
despite radiational cooling under the clear skies inland
Such intense back door cold fronts do not occur every year, and they did not occur in the spring of 1998. But on
27 June, a distinct backdoor cold front did cross the region. During the late morning hours drier but still warm
air moved into the area as winds turned NW. Later in the afternoon, high pressure passed over New England.
Winds that shifted to NE were accompanied by significant cooling. The disturbance, which was well captured by
the dense network of weather stations, propagated rapidly southeastward from Cape Cod to Cape May, New
Jersey within a few hours.
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URBAN HEAT ISLAND
The Greater New York City Metropolitan Area generates a large Urban Heat Island (UHI) which is strongly
affected by both synoptic scale and mesoscale weather phenomena. The UHI tends to be largest under clear
skies with dry air and gentle northwest winds that tend to occur a day or two after a polar air outbreak.
However, even under such conditions, the UHI may be complicated by New York City's setting.
A case in point occurred on the evening of 10 January 1998. After sunset, winds from the WNW became gentle.
Temperatures in the rural areas fell rapidly below O"C while stations in the City remained much warmer.
However, any station located downwind from one of the inland water bodies, which are much warmer than the
land at that time of year, also remained much warmer. Thus, Central Park (NYC) in the heart of New York City
recorded 6°C but FRI, far from the urban center, yet downwind from the Great South Bay recorded 6.3°C at the
same time that Islip (ISP) on the other side of the bay recorded O"C. The warmest station, La Guardia Airport
registered 8°C, both because of its urban location and its setting downwind from the relatively warm waters of
Long Island Sound and the East River.
Later in the spring and summer, sea breezes and back door cold fronts reduce the apparent magnitude of the UHI
by advecting cold air right over the city. The sea breeze frequently displaces the UHI west of NYC to the vicinity
of the New Jersey Meadowlands because it produces its largest cooling from the City east. Backdoor cold fronts
often funnel the coldest air directly over the city and therefore create what appears to be a negative UHI.
WATCHUNG FRONT
The series of parallel ridges that begin with the Watchung Mountains is often the locus of a sharp temperature
gradient we have named the Watchung Front. These mountains act both as a barrier and a conduit to the airflow
and coincide at many points with a sharp transition between urban and rural conditions.
The Watchung Front occurs under several different weather regimes. On clear, calm nights, temperature falls
much more rapidly at the stations to the northwest of the Watchung Mountains than at the stations further east
and south. Under northeast winds during winter, cold air can be funneled and trapped in the valleys, and remain
distinctly cooler than the surroundings even during the day. Such was the case on the afternoon of 5 February,
1998, when the valleys of northwest New Jersey were the coldest places within 100 miles. In such cases the
influence of the topography overwhelms the concave curvature of the coast near New York City, which opposes
the formation of mesoscale coastal fronts (Bosart, 1975). The sea breeze jet described above also helps produce
a Watchung Front, since the warmest air is funneled to the east of the Watchungs.
SUMMARY AND CONCLUSIONS
A dense network of 80 stations that provide hourly weather observations in the Greater New York City
Metropolitan Area was used to diagnose the structure and evolution of a range of local and mesoscale weather
phenomena including the sea breeze, the backdoor cold front and the Urban Heat Island. Other phenomena such
as the passage of squall lines were captured by the network but not mentioned above. Two previously
unidentified features, the sea breeze jet and the Watchung Front were identified and explained. Both phenomena
resulted from the parallel series of ridges beginning with the Watchung Mountains that enhance temperature
gradients by blocking or deflecting the airflow.
The main purpose of this paper was to reveal the phenomena. Future plans are to conduct intensive case studies
using other sources such as NEXRAD data, and by simulating the phenomena with a mesoscale model such as
MM5.
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ABSTRACT
To investigate area-averaged turbulent characteristics in the Urban Boundary Layer (UBL), field observation were
performed at a residential site in Setagaya, Tokyo, Japan, using scintillometers and eddy correlation
instrumentation, respectively. The following results were obtained:
(1) New similarity relationships for the dissipation rate of turbulent kinetic energy and the structural constant are

proposed.
(2) A new technique to directly estimate the area-averaged sensible heat flux H and zero-plane displacement
length dusing simultaneous scintillometer measurements at two heights is proposed. The estimated d shows a
slight dependency on atmospheric stability, viz. lower d under more unstable conditions. The area-averaged value
of d agrees well with that estimated by Macdonald et al. [l] using a morphological method. (3) For unstable
conditions the source area estimated from the scintillation method is 2 - 3 times larger than that using the eddy
correlation approach.
(4) 30 min-averaged heat fluxes H and normalized standard deviations of H measured by the scintillation and
eddy correlation methods, respectively, are compared. Whilst H estimates agree well, normalized standard
deviations of H measured using eddy correlation are generally larger with a linear dependency on the size of the
source area. This is in contrast to the scintillometer data which are almost constant regardless the size of the source
area. This result can be attributed to the superior spatial integration over the longer averaging path of
scintillometers.
INTRODUCTION
Scintillometry is a promising method to obtain "area-averaged" turbulent sensible heat fluxes and thereby to
overcome problems associated with the representativeness of measurements over inhomogeneous and/or
aerodynamically rough surfaces. Previous studies using this method have concentrated on applications over flat
terrain with low roughness. In this study a novel dual-scintillometer approach is used over an urban surface.
Because of the inhomogeneous and rough nature of cities, applicability of this method faces a number of
uncertainties. First, Roth and Oke [2] show that the conventional Monin-Obukhov similarity relationships used in
the scintillometer method are not necessarily valid in the urban atmosphere. Second, an area-averaged zero-plane
displacement height ( d ) is needed as input into the method explored below. However, as shown by Grimmond
and Oke. [3] most conventional methods to estimate d in the urban context result in values marked with a lot of
scatter. Hence the following are the objectives of this study: (1) To check the validity of similarity relationships for
turbulent statistics in the lower part of the UBL. (2) To propose a new technique for estimating area-averaged H
and d , using scintillometers located at two different heights. (3) To compare the flux source areas, 30
min-averaged heat fluxes and normalized deviations of heat fluxes from the eddy correlation and scintillometer
measurements and to investigate the influence of spatial averaging length on the temporal and spatial
representativeness of the estimated heat fluxes.
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Observation point
(Setagaya)

0

40km

Figure 1 General setting of observation site

Figure 2 Air photograph of study site
Point A: Location of cranes with eddy
correlation instruments and
scintillometer receivers;
Point B: Location of scintillometer
transmitters.

Observations
The observational program for the present study was conducted in a residential area (Setagaya) in Tokyo, Japan.
The site is located on generally flat terrain about 10 km to the west of the center of the Tokyo Metropolitan Area
(Fig. 1). The study area consists of densly-packed mainly detached single-family dwellings with a mean height of
8.5 m and a building plan area fraction of about 0.58 within a radius of 2 km centered on the site (Fig. 2) . Two
mobile cranes, each with a small, rotatable gondola (1 x 1 x 2.5 m; height x width x length) fixed to the ends of the
crane booms, were employed at the site (Point A in Fig. 2). The heights used were 35m and 22 m above ground,
respectively. One 3-D sonic anemometer and one scintillometer receiver were mounted on each gondola. The
corresponding scintillometer transmitters were mounted at the same respective heights on balconies of a slender
13-storey high building (Point B in Fig. 2). Transmitters and receivers were separated by about 300 m which is
3000 times the sensor span (0.1 m) of the sonic anemometers used.

Theory for the Estimation of Area-Averaged Heat Fluxes and Zero-Plane Displacement Height
The theory to derive turbulent fluxes from scintillometer measurements follows Thiermann and Grassl [4]. The
can be converted to the surface-layer scaling
two measured physical parameters Cr 2 and

Ito

parameters, u. and T. using:
8/3
U*

22[ -7.4
- V

Ao )

(/( (Z - d)\2.13n,
-2/3
)
'f'E

[1]

[2]
Where K : von Karman constant, v: kinematic viscosity of air, d : the zero-plane displacement height, z : height
above the ground, {3 1 : the Obukhov-Corrsin constant ( =0.86 ), £: the dissipation rate of turbulent kinetic energy,

¢£(r;) = K(z- d)s I u. 3 : the nondimensional form of

E,

2

and ¢N (r;) = N K(z- d) I u.T. is nondimensional form
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of temperature variance N. To solve {1) and (2) foru.andT.,

fPeandfPN

are usually not explicitly derived but

assumed to be known functions of stability following Monin-Obukhov similarity theory. In the context of
inhomogeneous surfaces such as cities, however, validity of traditional similarity relationships derived over flat
and homogeneous surfaces cannot be assumed. This issue is further explored in the next section. d is another
parameter which needs to be known in advance to be able to solve (I) and (2) but is difficult to obtain for urban
areas [3). A simple technique to directly estimate displacement height using scintillation measurements at two
different levels is introduced in the following. The continuity equation of heat flux between two measuring height
can be expressed as :

[3]
where subscripts l or 2 stand for two different observation levels. By using this additional relationship
displacement height can be determined iteratively from (2) and (3}. From this procedure area-averaged (related to
the path of the scintillometer) turbulent fluxes and zero-plane displacement length are obtained together.
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The similarity relationships for

tPe

and

tPN

needed in {I) and (2) are computed based on eand

N which are

obtained from the spectral densities of velocity and temperature fluctuations at frequencies within the -2/3 region
of the respective spectra using Kolmogorov-Obukhov hypothesis [5]. Plots of

tPe

and

tPN

from the present and

two other suburban studies (St. Louis: [6]; Vancouver: [5]) are compared with the traditional relationships (Kansas
data: [7] and [8]) in Fig. 3. The suburban values agree well with each other but are systematically lower than the
rural data for

tPe

as previously pointed out by Roth and Oke [5]. Using the data from Setagaya and Vancouver the

following urban similarity relationships are obtained for

tPe

and

fPN

used in (1) and (2) to derive turbulent fluxes

based on the scintillometer measurements:

[4]
[5]
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The lower urban data at near neutral and slightly unstable conditions can probably be explained by "bluff body"
and " wake diffusion" effects. Large turbulent vortices generated by roughness elements result in increased
transport of locally produced TKE away from the surface, which leads to local production exceeding local
dissipation. Under unstable conditions, on the other hand, buoyancy contributes more to TKE production and wake
diffusion effects become less important. The overall trend in the

lPN

data from Setagaya and Vancouver agrees

well with that observed in the Kansas data, the values, however, are again slightly lower for near neutral and
slightly unstable conditions. In this case the heat transfer is not affected in the same way because of the absence of
bluff body effects. Eqs.(4) and (5) are incorporated into Eqs.(l) and (2) for the derivation of turbulent fluxes by the
scintillation method.

Zero-Plane Displacement Height
The two scintillometers used in the present study were carefully calibrated and tuned to assure that the errors in the
1 min-averaged-heat fluxes between the ins~ments are not larger than about ±1.25(W/m 2 ). This value, however,
is still not negligible compared to the heat storage term in (3). Estimated zero-plane displacement heights using the
dual- scintillation method are plotted against atmospheric stability in Fig. 4. The dotted line, which shows a
constant value of7 m, is obtained using the morphometric method suggested by Macdonald et al.[l]. The error bar
for each value is calculated assuming a heat flux error of ±1.25{w/m2) in (3). The average value obtained from the
observations is 7.6 m, which agrees well with the morphometric estimate. The errors are relatively large for
near-neutral and stable conditions because the heat fluxes used in the estimation are small close to neutral. On the
other hand estimates become more reliable with increasing instability.
Based on the few data available it is difficult to say if the trend towards lower displacement height with increasing
instability (Fig. 4) is real. Such a trend has not been reported before. The zero-plane displacement height is defined
as the effective height of momentum absorption which occurs near the top of a canopy and theoretically could
depend on the stability within the canopy. It seems reasonable to suggest that under stable conditions, when the air
in the canopy is more stagnant, displacement height could assume larger values compared to unstable conditions
when thermal plumes originating within the canopy aid the momentum exchange thereby decreasing the mean
level of momentum sink. On the other hand, the source area contributing to the heat flux also depends on stability
(see next section) and· it is possible that the different values obtained reflect different urban morphologies (e.g.
average height of buildings) within these source areas.

r!I_ _

----------------------j;-----------

~ I

m m

-1

-0.8

-0.4

-0.6

-0.2

0

0.2

z'IL
Figure 4 Estimated displacement height (d) versus stability parameter
z' I L )
Dotted line is d estimated by an empirical formulation ( Macdonald et al.,1998). Source Areas for
Scintillation and Eddy Correlation Method
A major reason why one would consider using a scintillometer for measurements over an inhomogeneous surface
is its extremely long averaging path. The "source area" or "flux footprint" concept is helpful to discuss the spatial
representativeness of flux measurements. Using FSAM, a source area model for scalar fluxes developed by
Schmid [9), the 90% source areas were determined for both the scintillation and eddy correlation measurements at
35m.

The source areas for the scintillation method were obtained simply by overlaying source areas calculated at A and
B ..The 90% source area for the scintillation method is 2 - 3 and 1.2 the size of that for the eddy correlation method
under unstable and stable conditions, respectively. Hence as instability increases the scintillation method becomes
more spatially representative compared to eddy correlation measurements.
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(b)

(a)

Figure 5 Flux source areas for three stability conditions calculated using FSAM for (a) scintillometer and
(b) eddy correlation measurements at 35m.
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and eddy correlation measurements, respectively.
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Figure 7: Normalized heat flux standard
deviations vs. source area size for scintillometer
and
eddy
correlation
measurements,
respectively.

9

Area-Averaged Heat Flux from Scintillation Method
The diurnal variation of the 30 min-averaged sensible heat fluxes from the scintillation and eddy correlation
observations is plotted in Fig.6. Taking into consideration the limited data set and the differences in source areas, it
is concluded that the results from the two methods agree well with each other.
The differences in amplitudes of heat flux fluctuations between the two methods exhibit some interesting features
which can be discussed in light of the temporal and spatial representativeness of turbulent fluxes. The standard
deviations were calculated on the basis of 1 min heat flux data nonnalized by the 30 min averages. They are plotted
as a function of the source area in Fig. 7. The limited data available show larger and increasing values with
increasing source area size in the case of the eddy correlation measurements compared to the scintillometer
observations which remain constant. The averaging length of the sonic anemometer is very short and can only
detect small eddies on an instantaneous basis. It is possible that if the source area size is increasing so is the
variability of the spatial flux which would result in larger heat flux standard deviations. The normalized standard
deviations of sensible heat flux from the scintillation method, on the other hand, show almost no dependency on
the source area and are relatively low with a constant value of about 0.2. Because of its longer averaging path, the
scintillometer is able to also detect large eddies on an instantaneous basis. Because of the superior spatial
integration, individual small-scale heat sources are only sensed as a large plume thereby reducing the dependency
on the source area. This result suggests that a shorter averaging time is needed for the scintillometer to produce a
stable turbulent flux estimate compared to that required in the eddy correlation method.
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ECONOMIC ANALYSIS OF HUMAN HEALTH IMPACT OF THE 1998
HAZE-RELATED AIR POLLUTllON EPISODE IN BRUNEI DARUSSALAM1

Kwabena A. Anaman and Norsinah Ibrahim
Department of Economics, University of Brunei Darussalam, Bandar Seri Begawan BE1410 Brunei Darussalam

ABSTRACT
The effects on human health resulting from the January to Apri11998 haze-related air pollution episode, considered
to be the worst air pollution incident on record in Brunei Darussalam, were analysed for five groups of diseases of
the respiratory system. The analysis concentrated on three main areas: (1) statistical analysis to determine
significant increases in respiratory diseases, (2) estimation of a dose-response function linking the total number of
cases of respiratory diseases to the quality of aml~ient environment as measured by the pollutants standards index
(PSI) and (3) estimation of societal short-term human health costs. Results indicated that there were statistically
significant increases in influenza, and asthma, bronchitis and emphysema group. There were also increases in the
number of cases of the other three groups of diseases: pneumonia, conjunctivitis and acute upper respiratory
infections (AURI) though these were not stati:stically significant. A log-linear dose-response function was
estimated linking the total number of respiratory diseases with the average hourly PSI, previous day's average
temperature, average relative humidity and a time trend variable. The total number of respiratory diseases was
shown to be significantly related to PSI. The short term human health costs of the 1998 haze air pollution
episode were estimated to be about six million Btunei dollars (B$).

INTRODUCTION
Increasing economic growth to improve the quallity of life remains an important objective of many societies. A
downside of economic growth is often the generaltion of wastes from human production and consumption activities
that go beyond the assimilative capacity of the natJural environment. Concerns about environmental degradation and
the need to maintain environmental quality pervade all levels of society. Brunei Darussalam (hereafter referred to as
Brunei) is a relatively small country at the tip of JBorneo Island in East Asia. It has a population of about 323,000
(1998). With oil and gas the largest economic sector and the main source of exports, the country has rapidly
developed into a relatively high income country. The gross domestic product (GDP) in 1998 was estimated to be
8,111 million Brunei dollars (B$) translating iinto a per capita GDP of B$25,065 (Government of Brunei
Darussalam, 1999). One B$ was equivalent to about 0.59 U.S. dollar in August 1999. The major source of
atmospheric pollution is haze-related air pollution involving suspension of airborne particulate matter that cannot
disperse due to stable meteorological conditions. The haze problem in Brunei and Southeast Asia region appeared to
be linked to periodic droughts caused by the El Nino-Southern Oscillation phenomenon. Very dry weather limits
convective activities and reduces the assimilative capacity of the atmosphere to dilute and disperse pollutants. Due
to favourable winds, the July to September 1997 haze phenomenon had little effect on Brunei though the
neighbouring countries were seriously affected. However the January to April 1998 haze-related air pollution
episode affected seriously the entire Borneo island including Brunei leading to the United States and several
other countries declaring the entire island unsafe for travel by their nationals.
The three specific objectives of this srudy wem (a) to determine whether there was a statistically significant
increase in the number of respiratory disease casc~s as a result of the 1998 haze pollution episode; (b) to establish
the damage function based on the dose-responst:: relationship between the total number of respiratory diseases
recorded in the Brunei-Muara District (made up of the capital city of Bandar Seri Begawan plus the port town of
Muara) and the quality of the ambient environment as measured by the pollutants standards index (PSI); and to
determine the short-term health costs to the community of the 1998 haze episode.

METHODS
With regards to the first objective, the hypothesiis tested was that there were statistically significant increases in
the number of respiratory diseases as a result of 'the January to April 1998 haze-related pollution. Data from the
RIP AS General Hospital, the largest hospital in the country which handled over two-thirds of cases, were used
for the analysis because the hospital was the only health centre with the complete sets of data of the diseases for
1997 and 1998 required for the particular analysis (i.e. a Student t test analysis). These data were supplied by the
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Statistical Unit of the RIPAS Hospital and the Environmental Unit of the Ministry of Health of Brunei
Darussalam (4). A Student t statistical test was employed to compare the differences between the number of
respiratory diseases recorded in the Brunei-Muara District for the two periods, January to April 1997 and January
to April 1998. Aggregate data on the weekly number of respiratory diseases from January to April 1997 and
January to April1998 were computed from available records supplied by the various health centres in the BruneiMuara District. In order to carry out the Student t test, the average weekly number of respiratory disease i duri~g
January toApril -1997 was denoted as

Xt997

and its standard deviation as St. Then the average weekly number of

respirat0ry diseases i, during January to April 1998 period was denoted as Xt998 and its standard deviation as ~·
SimilarO' .the sample -sizes of the .two time periods were denoted as fit and n2 respectively. Hence the Student t
.test employed w.as computed .as follows:

The serond ol?jectiv.e was to estimate dose-re~onse relafionsliip or economic damage function (1, Chapter 5)
between total number of respiratory .diseases and :the 'lev.e1 of .air quality of ambient environment as measured by
the PSI. A l~g-linear dose-response relationship w.as estimated. The function is described below:

where LY:1 is log of -total daily number of five groups ef respiratory diseases recorded in day t for ·public and
private hospitals and health centres in the Brunei-Muara district (Bandar Seri Begawan and Muara);
LPSI1 is the log ef prev.io.us day's average 24-hour daily reading (average of 24 hourly records) -eilf the air qualey
measured by the pollutant standar.ds index at the Ministry of Health Headquarters in Bandar Seri Begawan;
I.LAGTEMP;1is .the 1o_g af previous .day~s average daily temperature in Bandar Seri B~ga-w.an;
LHUMIDITY, is the log :Of:previous day's .avera_ge relative bwnidity in Bandar Seri B~awan;

LTREND1 is the log .o f .a trend v.ar.iable with .a value of.l :for 7th February 1998 and increasi-n_g every day to 144
for .30"' of June !998:; 'ao. B h B2 .and B3 are .the parameters to be estimated and V 1 is :the error term iriitially
assumed to bave ~o mean and constant v.ariance.
PSI .data were .collected fiom ·the Environmental U.riit, Ministcy of Develepment. D.ata .on :respiratery -diseases
were collected from .all hospitals and public and private 'health cen:lres in -the Brunei-Muara District ·which
co:vered the capital .cit)' ef Bandar Seri 13egawan and ·contained about two-thirds of 'the entire population of
Brunei. Data on weather variables -such as temperature, relative humidity ·and rainfall likely to affect the
incidence of -respiratory .diseases ·were collected from the Meteorolo_gica:l Services Unit .of the Department of
Civil Aviation. The PSI data were only available on a-.dai1y 'basis from .the 7lh·.ofFebruary to 30m June 1998 with
data .for respiratory diseases :av.ailable on a daily basis -from -the 181 of January to 30m -of June 1'998. The ·doseresponse functions were therefore based on d.ata fiom the ·7th of February to 30th 0f J.une 1'998.
The third .objective was to establish the total shor.t-term 'human health costs .of .the 'haze-related pollution to
society. The total short-term ·human ·health costs -were made up of fi¥e components. These were (a' direct
outpatient treatment costs made .up of .costs of medicine ·and doctor consultation (b) costs of increased 'hospital
admissions and emergency .cases (c) 'increased self-medication costs for those wh0 ·chose not to see .a doctor or
visit health centres; .(d) short-term human productivity losses based on lost work days and (e) the cost .of h.uman
suffering, disc0mfort and pain ·from the respiratery diseases. A sixth -.cost co111ponent, the increased expenditure
qy the public on masks, air filters and other non-medicinal items and increased use of energy, required a detailed
survey study of the public. An on-going survey is being undertaken to determine the sixth cost component.
Direct outpatient treatment costs were based on information from hospital officials, private doctors and
pharmacists. Incremental increase in the number of respiratory diseases was derived by comparing the data from
January to April 1998 with those obtained during the same period from January to April 1997 and adjusted
downwards by the 3% natural growth rate of human population. The January to April 1997 period was used as
the benchmark period as there was no occurrence of severe haze-related air pollution during that period and was

584

the most recent period before the occurrence of the January to April 1998 haze episode for which accurate data
existed. Medical fees for consultation at public hospitals and centres were heavily subsidised. The real societal
costs were derived based on the charges paid by patients for similar consultations at private clinics. Detailed
daily costs and diseases data were available from Borneo Clinic (a small-sized private clinic). These were used
together with some information from a few private medical practitioners and pharmacists to estimate the real
costs of consultation and medication for those who used public hospitals and clinics, Jerudong Private Hospital
and the 16 private clinics in Brunei-Muara District during the 1998 haze-related pollution episode. Patients
staying overnight at hospitals involved much higher "real "charges to society than the charges (if any) that they
paid. The costs of admissions at hospitals in Brunei were heavily subsidised or were free. These hospitalisation
charges were based on figures provided by Jerudong Park Medical Centre, a private medical centre in Bandar
Seri Begawan. The average cost per bed per day was B$350 in 1998. The length of stay in the hospitals was
assumed to be five days based on data from RIPAS hospital and doctors and nurses.
Patients who chose self-medication were assumed to be two-thirds of those (outpatients) who chose to visit
clinics for specific less serious group of respiratory diseases (i.e. influenza and conjunctivitis) with the assumed
proportion derived from the work by Hon (3). The choice of influenza and conjunctivitis as the less serious
diseases was based on the fact that no admission for these two diseases was recorded at the RIPAS Hospital in
the period, January to April 1997. Also no case was reported for conjunctivitis for the same hospital for the
period, January to April 1998. It was also assumed that patients who chose self-medication were 10% of those
(outpatients) who chose to visit clinics for the following diseases: asthma, bronchitis and emphysema group,
pneumonia and AURI. The 10% ratio was twice the figure used by Hon (3) for Singapore. A relatively larger
proportion of Brunei's population lived in rural areas with access to traditional medicines from tropical forests.
Such people could also be those who would delay seeing doctors or going to clinics at the onset of early
symptoms of the diseases and choose to use off-the-counter drugs and medicines until the symptoms became
severe. These people would be those likely to suffer from less serious diseases or the early symptoms of the
diseases. Medical care was available in Government hospitals and clinics in Brunei Darussalam at low cost.
Human productivity costs were estimated as number of days absent from work by adults multiplied by the
average wage rate. Medical leave was assumed to be on average three days for outpatients plus additional five
days hospital stay for those hospitalised. The proportion of working adults to children was approximately 1:1
based on data kept provided by Borneo Clinic and information from other clinics. The average real daily wage
rate for Brunei Darussalam was assumed to be B$100 based on information from Labour Department and other
sources (Government of Brunei Darussalam, 1999, pages 125-128). The cost of human discomfort, suffering
and pain was based on the willingness to pay (WTP) amounts by individuals to avoid diseases. The WTP
amounts would measure the true extent of the cost of diseases and were often higher than total treatment costs of
diseases. The difference between the aggregate WTP and total treatment cos~ would measure the subjective cost
of human discomfort, suffering and pain. The cost of discomfort, suffering and pain used in this study was
assumed to be a 1: 1 ratio with the cost of treatment plus costs of productivity losses. This meant that the short
term human health costs were twice the sum of the direct treatment costs and the productivity losses as used by
Hon (3) for Singapore. An on-going study would measure the WTP of residents of Brunei Darussalam to prevent
haze-related illness and help to establish the "true" ratio of the cost of discomfort, suffering and pain to the WTP
of diseases prevention. A spreadsheet economic simulation model was developed to calculate the total short-term
human health costs based on the five cost components outlined earlier.
RESULTS
Based on the incremental increase in the numbers of five categories of respiratory diseases from January-April
1997 period to the January-April 1998 period, a Student t statistical test analysis was undertaken to determine
whether the increases were significant. The results indicated there were statistically significant increases in the
number of cases of influenza and the asthma, bronchitis and the emphysema group of diseases. There were also
increases in the other three respiratory diseases i.e. conjunctivitis, acute upper respiratory infection and
pneumonia but these increases were not significant. Details of the results of the Student t-test and the data set
used are reported by Ibrahim (4). The estimated log-linear dose response function corrected for auto-correlation
are reported in Table 1. Humidity was the only variable not significant though it had an absolute t value greater
than 1.0 and was therefore included in the model based on general econometric modelling guidelines.
Heteroscedasticity was not significant as measured by the White (6) test. The standardised estimates indicated
that PSI was the most important variable that influenced the total number of respiratory diseases. A 1% increase
in PSI would lead to about 0.2% increase in cases of respiratory diseases.
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Table 1: Results of the log-linear dose-response equation with the logarithm of total number·of cases
of five groups of respiratory diseases as the dependent variable.

ExplanaJory.
Variable

INl'ERCEYf'
. LPSl.
LLAGTEMP
LHUMIDITY

LTREND

Par.ameter TEStimate.
statistic
5..902
13.384
0.200
8.835
. -2.951
-1.684:
-0.148
-1.194
-0.093
-4.044

0.529•

P-value
0.0001
0.0001
0.0037
0.2346
0.0001

Standardised
Estimate

o.ooo·

. 0.631
-0.205
-0:071
-0.269

Dur.bin-Watson Statistic

Significance level·ofWhite (6) general.heteroscedasticity test

0.222

Table· 2: presents· a summary of the estimated to~ short-term· societal costs for the five groups of respiratory
diseases· and reflecting. three categories of costs: (A) total· treatment costs,.(B} total productivity losses and (C)
total. costs of discomfort, suffering: and· paiir. These costs were the incremental· costs over·and above those costs
that would· have been incurred by society for the January to Aprir l997 period (benchmark perioo). These costs
were measured·in 199g constant dollars. Influenza was the most c.osdy disease followed by the astluna; bronchitis
and emphysema: group: Conj.unctivitis was the least costly disease. The short term human health costs of the: 1998
haze-related· air pollution episode were about B$4.0 million for· the Brunei-Muara District. Brunei-Muara
District contained two-thir.dS· of the population of Brunei Darussalam: Extrapolating the Bmnei-Muara cost
figures to·Brunei as awbolewould·yield a total cost of about B$6.0 million.

This B$6:0 million·cost estimate-was an underestimate of the true·societal' cost ofthe 1998' haze-related'pollution
episode. This was because increased expenditures by the public on masks, air filters and other items used by
residents to protect themselves· from the excessive air pollution· but which were non-medicinal were not included in
the estimate. lh addition, the increased use of energy by householders and. businesses· was not estimated.
Nevertheless the societal· cost estimate of the haze-related. pollution provides· a benchmark figure to compare· the
human health. impacts of other natural hazardS in the future. in BruneL An.extension of this study to evaluate· the
human health iinpacts of environmentally-related stress factors such as skin cancers and eye diseases resulting from
increased stratospheric ozone. depletion would be useful in· view of the high temperatures and relative humidity in
this tropieal:region:

Table Z: Short-term societat costs in 1998 constant B$ of the haze-related· air pollution episode
categoriSed by category ofdisease and type of cost component for the Bnmei~Muara District, Brunet
(A)

Item

Treatment Costs

. ConjunctiVitis
8402
Acute·upper
70910
r.espii:'atory. illiitsSeS·
60460
Pneumonia
. 300780·
Influenza
Asthma, bronchitis
269941
· & empb.ysema·
TOTAL
710492

(B)'

Workdays.Lost
Value
·2Ul0
81654
. 109882.
; 590600
347501'
1157530

(C)
Cost of Suffering
Discomfort &.Pairr
29612'
207272
180043
89·1380
. 688446·
1996752

(D)·

Total Costs
59f2.24·
41'4543
360086
1782760·
1376891'
39935.03
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PARAMETERIZING URBAN CLIMATE IN DISPERSION MODELS
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ABSTRACT
Dispersion models are applied to urban areas at a wide variety of length scales, ranging from the 10 m scale of a
street canyon to the 100 km scale of a metropolitan region. The urban area affects dispersion through changes
to three primary meteorological parameters: wind speed is reduced in an urban area, tending to increase pollutant
concentrations; turbulence is increased in an urban area, tending to decrease pollutant concentrations; and
stability is forced towards neutral conditions in an urban area, tending to increase pollutant concentrations in the
day and decrease concentrations at night. The combined effect of changes in these three meteorological
parameters on pollutant concentrations depends on which of the three effects is dominant, and also depends on
the source scenario (e.g., ground-level source in the urban area or elevated source upwind of the urban area).
This paper reviews research on this topic, including several examples of field experiments and dispersion
models, and suggests areas where improvements are needed. Because each urban scenario is unique (i.e., no
specific set of buildings, streets, blocks, and neighborhoods is repeated anywhere else), there is less need to be
concerned with the details, and it is sufficient to use simplified parameterizations involving, for example,
representative roughness lengths, turbulence profiles, and heat fluxes.
INTRODUCTION
The purpose of this paper is to survey available methods for parameterising urban climate in dispersion models.
The definition of urban climate is broadened to include the primary meteorological input variables for dispersion
models: wind speed, turbulence, and ambient stability conditions, which determine whether concentrations in
urban areas will be larger or smaller than in rural areas. The increased roughness caused by the obstacles in the
urban area causes the wind speed to be decreased and the turbulence intensity to be increased. The combination
of increased turbulence intensity generated by the roughness elements and increased heat inputs due to
anthropogenic energy use cause the nighttime urban boundary layer to be less stable (i.e., more nearly-neutral),
and cause the daytime urban boundary layer to be very well-mixed. In general, for plumes with depths equal to
and greater than the obstacle depths, the enhanced turbulence over urban areas is the dominant effect and causes
pollutant concentrations to decrease. However, for plumes released within the urban area and whose plume
depths are less than the obstacle depths, pollutant concentrations may be increased or decreased (with respect to
what they would be over a rural area), depending on whether the wind speed reduction or the turbulence increase
is dominant.
For the purposes of this discussion, the term "urban" is defined to include any collection of buildings and other
types of obstacles. Therefore the technical recommendations are equally valid for industrial plants, groups of
commercial warehouses, refinery tank farms, as well as more traditional urban downtown areas. The technical
overviews presented below are organized into categories, such as source scenarios and distance and time scales,
urban meteorology, observations and models of building and street canyon effects, urban dispersion experiments,
urban dispersion models, and recommendations.
A cautionary note is needed, since all urban pollutant release scenarios are unique (i.e., site specific). No given
building or complex of buildings, or urban region is repeated anywhere else, and there are many complicating
factors, such as alleyways, nearby parks, trees, walls, terrain slopes, building shapes, HVAC (heating, ventilating
and air-conditioning) appendages, automobiles and trucks, and trash dumpsters. The models can treat these
special effects only by means of gross empirical parameterizations. For the same reasons, it is impossible to
define "the" observed representative meteorological conditions in an urban area. Because of the unique aspect of
every scenario, there are always obstructions and other problems wherever a meteorological sensor is placed, and
the best that can be hoped for is that the location is reasonably representative and relatively unobstructed.
SOURCE SCENARIOS AND RELATED DISTANCE AND TIME SCALES
Before discussing the details of urban dispersion, it is important to carefully define · the source scenarios that
must be modeled, including the space and time scales of interest. Typical source emission categories include 1)
releases from building vents, doors, and windows, with durations ranging from instantaneous to several hours; 2)
releases near (within 10m) buildings (but outside); 3) releases in street canyons, where it is necessary to specify
upwind or downwind si.de and elevation; 4) elevated releases (at heights above 2 times building height), such as
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stack or aircraft emissions; 5) releases in suburban or commercial areas (lower buildings with spaces in between
and some trees and other obstacles nearby); 6) releases in parks in the midst of urban areas; 8) releases upwind
of urban areas; and 8) widespread urban area sources such as Volatile Organic Compounds (VOCs) from traffic.
The distance and time scales of importance depend on the pollutant released, its toxicity level, and the amount
released. The expected distance and time scales of concentrations of interest should be known beforehand in
order to decide upon the type of dispersion model that should be used and the types of input data that are
necessary. The averaging time is also determined by the release scenario and the standards for the pollutant.
URBAN METEOROWGY
General discussions of urban climatology and rnicrometeorology are given by Johnson et al. (1), Oke (2), and
Landsberg (3). The meteorological parameters of primary importance to dispersion models are wind speed,
turbulence intensity, and stability. Mixing depth is also important for nighttime releases, due to the influence of
the urban heat island. Generally the effect of the urban area is to decrease pollutant concentrations. However,
under special situations for shallow plumes trapped in the low-wind zone below the obstacle heights, pollutant
concentrations may be increased as compared with the rural situation.
There have been many observations of urban boundary layers, although the investigations are always limited by
the difficulty of finding representative sites. Auer's (4) studies showed how land use can affect meteorological
variables, and his method of classifying urban versus rural land use became a fundamental criterion in the EPA's
ISC3 dispersion model (5). Cionco's (6) model of wind profiles within vegetative or urban canopies allowed the
logarithmic wind profile, which is valid at heights above the roughness elements, to be extrapolated down to the
ground level within the roughness elements. Turbulence intensities, surface energy budgets, stability, and
mixing depths were investigated by many researchers (e.g., 7, 8, 9, 10). The general theme of all these papers is
that the urban surface causes large increases in turbulence intensities due to mechanical mixing, causes
additional heat energy due to anthropogenic effects and enhanced energy storage, causes enhanced mixing
depths (i.e., the nighttime urban heat island), and causes a tendency towards neutral stabilities. The latter effect
is due to the generation of relatively large amounts of mechanical turbulence, which prevent the establishment of
very stable or very unstable conditions.
As a result of the many observations and empirical formulas developed for urban boundary layers, several
modelers have parameterized the characteristics of the urban boundary layer for use in operational dispersion
models. For example, Hanna and Chang ( 10) used the St. Louis and Indianapolis data to develop a
parameterization of the urban boundary layer as part of a meteorological preprocessor for the HPDM dispersion
model.
OBSERVATIONS AND MODELS OF BUILDING AND STREET CANYON EFFECTS
There is increasing interest in modeling pollutant releases from building vents, from sources near buildings, and
from vehicles in street canyons. Wilson (11) provides simple models for estimating concentrations on building
roofs .and sides due to releases from vents on the buildings. Hosker (12) gives equations for the sizes and flow
characteristics of recirculation cavities behind buildings. Similar formulas for street canyons are given by
Dabberdt et al. (13) and Yamartino and Weigard (14). Kaplan and Dinar (15) suggest a hybrid method using
Hosker's formulas plus a mass-consistent wind methodology. Changes in concentrations due to the presence of
buildings are discussed by Thompson (16). Davidson et al. (17) suggest a simple dispersion model for plumes
encountering groups of buildings, and Apsley and Robins (18) discuss the building wake dispersion algorithm
within the ADMS dispersion model. The building downwash formulas in the EPA's ISC3 model (5) are being
replaced by updated algorithms developed as part of the PRIME research program (19).
Computational Fluid Dynamics (CFD) studies are being carried out for single buildings, building complexes,
tunnels and street canyons, and neighborhoods. The CFD model estimates the flow around the obstacle and
Lagrangian particle models are then used to calculate pollutant transport and dispersion. The recent EMU study
explored some of the uncertainties of CFD models and compared their predictions with observations (20, 21).
URBAN DISPERSION EXPERIMENTS
Many extensive urban boundary layer and point or line source dispersion experiments took place in the U.S in
the 1970's spurred by EPA and Defense requirements (22, 23). The number of experiments dropped off in the
1980's because of the EPA's perception that most of the urban pollutant problems (e.g., lead, S02, and CO) have
been solved and because of changing defense priorities. However, there is a resurgence of interest in urban
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dispersion by the U.S defense agencies due to threats of terrorist activities and by the EPA due to new
regulations for toxics and for small particles.
Urban field experiments include: I) Several small scale very-detailed urban street canyon studies (13); 2) The
EPA urban tracer study in St. Louis in the 1960's, which led to the McElroy-Pooler (24) urban sigma-y and
sigrna-z curves; 3) U.S. Army tracer studies in urban areas (e.g., elevated line source releases upwind if Fort
Wayne, IN, 25 and 26); 4) The comprehensive Regional Air Pollution Study (RAPS) in St. Louis in the 1970's,
which involved no specific tracer releases but detailed analysis of so2 and other routine pollutants, plus
extensive micrometeorological and aircraft observations (Rao et al. (27) discuss the experiments and evaluations
of the RAM model using observations at RAPS); 5) the EPRI Indianapolis Power Plant Study (tracer releases in
83 m power plant plume adjacent to urban area, with many (200) samplers and hours (190) of data, with detailed
meteorological data including vertical profiles and surface fluxes and turbulence (28); 6) the Copenhagen urban
meteorology and dispersion study (29); and 7) the 1997 Tel Aviv tracer dataset on a block scale - soon to be
available from H. Kaplan. Furthermore, many urban photochemical pollutant field studies have been carried out
in the past 15 years at about $10M each- e.g., in Los Angeles, Houston, Atlanta, and Nashville- but sources are
very distributed and uncertain. These all include detailed meteorology (several ground stations, sounders, and
aircraft).
Because of the large expenses associated with urban field experiments and the lack of assurance of desired
meteorological conditions, several wind tunnel and small-scale field experiments have been carried out with
emphasis on flow and dispersion though and over regular geometric arrays of obstacles with simple shapes (30,
31).
URBAN DISPERSION MODELS
A previous section dealt with urban dispersion models at building scales and block scales. The current section
emphasizes general urban dispersion models at scales of large neighborhoods up to regions. Hanna et al. (22)
and Johnson et al. (I) discuss models available up to the late 1970's. For example, the McElroy-Pooler (24)
urban dispersion curves are widely used throughout the U.S. and internationally. The Gifford and Hanna (32)
simple urban dispersion model has been incorporated in several models. The EPA's ISC3-urban model is
recommended for most types of releases in urban areas (5).
More recent models have made use of new knowledge concerning the urban boundary layer and dispersion
processes. For stack plume releases in urban areas, Hanna and Chang (33) describe the urban HPDM model and
its evaluations with data from the Indianapolis field experiment. Kaplan and Dinar (15) use a combined massconsistent wind model and Lagrangian particle dispersion model to simulate transport and dispersion of urban
releases near street level. The EPA's new AERMOD model uses assumptions concerning the urban surface
energy balance and urban roughness length to parameterize turbulence and dispersion in the urban boundary
layer (34).
Recent wind tunnel and field studies of plume dispersion through groups of obstacles led to revised urban sigma
curves based on fitting of simple formulas to the data (30). Basic dispersion models work well in obstacle arrays
as long as the surface roughness length can be properly parameterized, leading to enhanced values of turbulence
and a tendency towards neutral stabilities (31 ).
For reactive pollutants (e.g., ozone, VOCs, NOx) on urban and larger scales, regional photochemical grid models
such as UAM-IV (Urban Airshed Model with Carbon Bond-IV chemical mechanism) are used (35). These
models are generally based on specification of turbulent diffusivity coefficients. There is an ongoing multiagency European Commission study where urban datasets and models are being reviewed and new data being
collected as part of experiments at small scales and at full urban scales. The project includes scales ranging from
vehicle-induced turbulence up through regional effects. This is the SATURN subproject under EUROTRAC
(36).
RECOMMENDATIONS FOR FUTURE RESEARCH
The urban meteorology and dispersion data and models reviewed above are sufficient for simplified applications.
However, there is a need for comprehensive "seamless" multi-scale urban models that allow meteorology and
dispersion to be modeled from scales ranging from building vents to street canyons to neighborhoods to urban
regions. Criteria should be set so that there are smooth transitions from one model type to another.
Because of the site-specific nature of all urban scenarios, there is a need for methods for parameterising building
shapes, street canyons, and blocks so that boundary layer turbulence and dispersion in specific urban areas can
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be simulated with similarity models. Furthennore, because most field experiments take place at mid-latitude
cities under steady-state "ideal" meteorological conditions, there should be additional field experiments in cities
at high and low altitudes and for transient meteorological conditions including periods with precipitation.
A fundamental question is whether, for a given pollutant release scenario, concentrations would be higher in
urban or rural regions (30, 31). As discussed earlier, the answer depends on the relative difference in wind
speed, turbulence, and stability between urban and rural areas, for the same gross meteorological "free-stream"
conditions. Investigators have postulated that, for releases above the buildings or obstacles, or for plumes with
depths greater than the building height, the concentrations would be lower at ground level over the urban area
than over the rural area. However, the conclusion may be different for shallow plumes within dense building or
obstacle arrays. Further experiments and analyses are required.
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ABSTRACT
The Australian Air Quality Forecasting System (AAQFS) is currently under development. The numerical
system will produce high-resolution, meteorological and air quality forecasts for the major urban areas of
Australia, and will initially be tested in Melbourne and then demonstrated in Sydney during the 2000 Olympics.
The AAQFS will be used to generate twice daily, 24-36 hour air quality forecasts at an effective resolution of a
few kilometres. A range of air pollutants will be forecast, including photochemical smog, fine particulate matter
and air toxics. The air quality forecasts will be provided to the EPAs, greatly enhancing their ability to provide
relevant air quality information to the public. Here, we provide a brief description of the design and current
status of AAQFS development, and present examples of system operation for the Sydney region.
INTRODUCTION
The Australian Air Quality Forecasting System (AAQFS; 1) is being developed with funding from the Air
Pollution in Major Cities Program. The AAQFS project was formally launched in May 1998 by the Federal
Minister of the Environment. Its short-term goal is to develop, validate and trial an accurate, next-day (24-36
hour) numerical air quality forecasting system for a three-month demonstration period in Sydney, which includes
the 2000 Olympics. Trialing of the system in Melbourne is being undertaken during the development period. In
the longer term, the AAQFS will be available for forecasting health- and visibility-related air quality metrics in
the other major population centres of Australia. Principal project partners are the Bureau of Meteorology
(BoM), CSIRO, Environment Protection Authority of Victoria (EPA-VIC) and the Environment Protection
Authority of New South Wales (EPA-NSW).
·
The project has a number of specific goals: to provide the ability to generate 24-36 hour air quality forecasts
twice per day (available 9 am and 3 pm); provide forecasts for a range of air pollutants including oxides of
nitrogen (NOx). ozone (03), sulfur dioxide (S02), benzene, formaldehyde and particulate matter (PM10 and
PM2.5); provide forecasts at a resolution sufficient to consider sub-urban variations in air quality; and to provide
the ability to generate simultaneous forecasts for a 'business-as-usual' emissions scenario and a 'green
emissions' forecast. The latter may correspond to a minimal motor vehicle-usage scenario and will be used to
indicate the reduction in population exposure that could result from a concerted public response to a forecast of
poor air quality for the next day.
In this paper, we provide a brief description of the AAQFS and indicate how the system is evolving from the
pilot status, through to the final demonstration system that will be used during the Sydney 2000-0lympics. A
description of the forecasting methodology is given in the next section, and is followed by some indicative
comparisons of Sydney-based air quality observations and preliminary forecasts.
METHODOLOGY
The AAQFS consists of five major components (Figure 1): a numerical weather prediction system (NWPS), an
emissions inventory module, a chemical transport model (CTM), an evaluation module, and a data archiving and
dissemination module. The development of the AAQFS is proceeding in two phases: 1) the construction and
operation of a pilot system using components that were available at the time of study inception; and 2) the
development of a demonstration system, through the enhancement of components in the pilot system, and where
necessary, through the construction of new modules. We note that resources were allocated to first implement a
pilot system in order to provide a preliminary indication of system performance. This has enabled important
areas of development to be identified prior to the design and construction of the demonstration system.
As indicated in Figure 1 the principal difference between the pilot and demonstration systems (see also
Table 1) is the number of processes that are run online (i.e. as modules that are called directly by the NWPS).
For example, in the demonstration system (Figure 1b), a large component of the emissions modelling, and all of
the chemical transport modelling, is conducted online. This contrasts with the pilot system (Figure 1a), where a
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meteorological forecast is first completed, stored and post processed prior to the execution of the chemical
transport model.

NWPS

NWPS

a) pilot

b) demo

Figure 1: Schematic of pilot (a) and demonstration (b) forecasting systems. Note that modules located
within the bounding-box labeled 'NWPS' correspond to components that are run online during a
meteorological forecast.

The Bureau of Meteorology Limited Area Prediction System (LAPS; (2)) constitutes the NWPS in both the pilot
and demonstration systems. LAPS is a hydrostatic model with state-of-the-art numerics and physics packages,
and has been used by BoM to generate operational meteorological forecasts since July 1996. Meteorological
forecasts will be provided at a horizontal resolution of 0.05° (LAPS05; 0.05° is approximately 5 km). A list of
enhancements that are likely to be made to LAPS during the project is given in
Table 1. Note that these enhancements are part of an on-going development program that is conducted by
BoM's research arm (BMRC). From
Table 1 it can be seen that the resolution and treatment of surface processes will be substantially enhanced by the
time the demonstration system is in operation. Such enhancements may be expected to lead to improved
representations of local and mesoscale flows and boundary-layer growth. Accurate representations of these
processes are crucial for realistic, high-resolution forecasting of air pollution dynamics .
EPA-VIC and CSIRO, with support from EPA-NSW, are undertaking emission inventory development.
noted in

As

Table 1, the pilot system uses a cut-down version of the Metropolitan Air Quality Study (MAQS) 1992 3-km
emissions inventory (3) that has been lumped to 6-km resolution. All emissions processing for the pilot system
is undertaken offline with no allowance made for week/weekend or seasonal/local meteorological dependencies.
The demonstration system will use size-fractionated and speciated particle emissions (the MAQS inventory has a
single lumped TSP species), 0.01° (approximately 1-km) gridded area sources over the densely population
regions and meteorologically dependant emissions that are generated online during NWPS operation (see Figure
1b). A power-based vehicle emissions model, being developed at CSIRO, will be used to generate road-specific
vehicle emission fluxes for the purpose of near-road impact modelling.
The Carnegie Mellon, California Institute of Technology (CIT) photochemical airshed model (4) comprises the
pilot CTM. This model was adapted and applied to the prediction of photochemical smog production over the
Newcastle/Sydney/Wollongong region for MAQS (5). A notable modification is the implementation of the
compact GRS photochemical mechanism (6), which enables rapid tum-around times for the CTM modelling.
For NSW forecasting, the pilot system CTM domain covers the greater-MAQS region at a horizontal resolution
of 6 km (see Figure 3). The domain is divided into 10 non-uniform levels in the vertical (extending to 2000 m
above ground level). The pilot system has been used to generate 24-hour air quality forecasts (NOx, ozone and
S0 2) using the 1100 UTC (21 00 EST) LAPS05 forecasts. In the demonstration system, the CTM modelling will
be conducted online using LAPS05 transport fields that are updated at 5-10 minute intervals . Note that the CTM
simulations for NSW will use a 0.05° outer grid, with nested inner 0.01 o grids for Newcastle, Sydney and
Wollongong. Photochemical smog production will be simulated using an enhanced version of the GRS
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mechanism and particle transformation will bte modelled using a modal-based particle scheme.
comprehensive treatment of both processes will also be available in an offline version of the CfM.

A more

Table 1: Important components of the Pilot and Demonstration forecasting systems.
Pilot System
Meteorological Modelling
LAPS05 (2)
Simple local turbulent mixing scheme.
Parameterised surface flux scheme.
No vegetation.
Uniform soil properties.
Same roughness length for momentum, heat
and moisture.
Smoothed topography (interpolated from
0.100 grid).
Interpolated initialisation from analysis at
0. 7:1 resolution.
O.O:f horizontal computational grid with 19
vertical levels.

Demonstration System

LAPS05 (2)
Non-local turbulent mixing scheme for convective conditions.
Direct calculation of surface fluxes.
Vegetative effects included (32 vegetation/land use categories at
.o.o:t resolution).
Horizontal variation in soil (8 soil texture/hydraulic categories
at 0.05° resolution).
Separate roughness lengths for momentum, heat and moisture.
High resolution topography (based on O.OOSO data).
Improved initialisation scheme and boundary conditions.
·O.O:f horizontal computational grid with 29 vertical levels
(higher resolution experimental, offline meteorological model,
resources permitting).
Online emissions and air aualitv modellinl! code.

Emissions Modelling
MAQS 1992 emissions inventory (3).
Modelled species- N010 ROC, S02 and TSP.
6-km grid spacing for area sources.
No discrimination between
weekday/weekend.
No seasonal variability.
Biogenic emissions calculated using
'typical' summer time temperatures and
radiation fluxes.

Chemical Transport Modelling
CIT photochemical airshed model (4).
GRS photochemical mechanism (6).
Other enhancements as described in (5 ).
Scalar transport for PM 10 and S02•
MAQS domain at 6-km resolution (10
levels).
24-hour forecast using 1100 UTC LAPS
meteorolOKY·
Validatron
Model evaluation done for specific case
studies.
Comparison ofpeak-daily air pollutant
concentrations.
Some 1-hour observed and modelled time
series analysis.
Limited comparisons of LAPS winds with
observations.
Data Dissemination
Data archived in native formats ofcurrent
models (LAPS- NetCDF; CIT- ASCll and
Fortran binary).

..

MAQS 1992 extrapolated to year 2000.
NO» ROC, S02, size-fractionated PM10, CO, NH3, some air
toxics.
0.05° and 0.01° grid spacing for area sources.
Weekday/weekend; seasonal; public holidays.
,Weak1 meteorological dependency (wood-burning; motor
vehicle-evaporatives).
Strong2 meteorological dependency (biogenics; wind blown
dust; sea-salt).
Prescribed burning.
Power-based vehicle road-scale emission modelling.
Biogenic emission factors from CSIRO measurement program
forEPANSW.
CTM modules to run online in LAPS, offline option also
available.
Extended GRS mechanism online, CBIV (6) offline.
Size fractionated particle scheme (modal-online; sectionaloffline).
Some air toxics (e.g. benzene) also simulated.
Nested horizontal domains (0.05° and 0.01°).
Sub-Krid scale module for near-road impacts.
Daily and monthly verification. METARISYNOP surface
observations, rawindsondes, pilot balloons, vertical profilers,
.AMDAR and EPA meteorological and air quality data sets.
Detailed case studies conducted as required.
Statistical analysis tools to look at long-term performance
trends.
Cluster analysis used to test match between observed and
modelled 1-hour air quality time series.
Data archived in unified NetCDF data packets.
Packets distributed via ftp or CD-ROM.
Offline CTM simulation possible from archived set.
Graphics ofdaily forecasts available on the EPA.s' Web Sites.

Enuss10ns wdl be calculated online and updated at hourly or htgher frequenctes m accordance wtth local, time-varymg meteorologtcal
conditions.
2
Emissions are determined using forecast daily temperature ·variation, as provided by an Australian regional forecast.

597

Both the meteorological and air quality forecasts are the subject of on-going and case-specific validation. This
has already commenced for the pilot system through comparison of LAPS meteorological fields with
METAR/SYNOP (near-surface) and AMDAR (vertical proflle) data and meteorological observations from the
EPA monitoring networks. Air quality forecasts are compared against 1-hour EPA observations for NOx (both
as nitric oxide and nitrogen dioxide) and ozone. This will be expanded for the demonstration system to include
SOz, PM10, PM2.5, CO and (where available) non-methanic hydrocarbons. Critical to the validation process
has been the availability of EPA data sets by the end of each forecast period, enabling the on-going validation to
be substantially automated.
Data archiving will evolve from use of native system fonnats in the case of the pilot system (already NetCDF in
the case of LAPS) to unified NetCDF data packets, which will be accessible via GUI-driven Q&A software.
Sufficient information will be available in a data packet to enable the CTM to be run offline at a later time. The
EPAs will have access to the daily forecasts via the AAQFS Web Site and will control the dissemination of the
forecast data.

RESULTS
Examples of typical outputs from the pilot forecasting system are given in Figure 2 and Figure 3. In Figure 2 the
computed near-surface wind field is compared with observations of the wind field obtained from the
METAR/SYNOP measurement network for various hours of the day. The first thing we notice, for the day
shown, is the complexity of the wind field, with synoptic-scale forcing (by the progression of depressions and
anticyclones), topographical forcing (by the presence of mountains near the coast) and temperature/moisture
forcing (by the temperature and moisture contrast between the land and the sea).
The forecast is initialised at 9 pm EST (local time) on 4 June 1999. The panels show the evolution of the wind
field at 4-hourly intervals. The wind is mainly northwesterly to northerly ahead of a change, then turns more
westerly over the land; later the wind becomes light and variable in direction, and finally it becomes
northeasterly. In general there is reasonably good correspondence between the predicted and observed winds,
even in a difficult situation like this one. However, as we move to higher resolution air quality forecasting (i. e.
as we move from airshed-scale to suburb-scale forecasting) the demand for accuracy in the meteorological
modelling increases. The demands on monitoring networks to provide complete and representative data for
model initialisation and verification also increases. The development of the modelling system must go hand-inhand with maintaining an adequate observational system.
As another example, some time series of observed versus forecast daily peak 1-hour concentrations of ozone and
oxides of nitrogen are shown in Figure 3. The time series have been compiled for October to December 1998
inclusive. Forecast daily 1-hour peaks have been generated by the pilot system, as described in the Methodology
section. Note that the observed and forecast ozone concentrations are unpaired in space. Modelled and observed
NOx time series have been developed for monitoring stations and grid points that fall within three prescribed
sub-domains of the CTM grid (Newcastle, Sydney East and Wollongong-see Figure 3).
With respect to Figure 3, it should be noted that the plots have been filtered to remove days for which an air
quality forecast was unavailable. In fact, all components of the pilot system ran successfully on 79 of the 92
days or 75% of occasions. While this outcome is considerably less than the projected performance goal of >
95%, the simplified computational architecture of the online demonstration system will result in a significantly
enhanced level of reliability.
The pilot system has been able to capture a majority of the day-to-day variability in peak ozone concentration
(Figure 3a). However, while the low- and mid-range ozone concentrations (30-60 ppb) have been estimated
with good skill, there is a tendency for peak observed concentrations to be underestimated. For example, the
observed and modelled 50tb percentile concentrations are 43 ppb and 45 ppb respectively. The observed and
modelled 75111 percentiles are 58 ppb and 55 ppb. The 90111 percentile concentrations are 70 ppb and 65 ppb and
111
the observed and modelled 95 percentiles are 90 ppb and 66 ppb respectively. Thus, it can be seen that a good
match exists between the range of observed and forecast peak ozone concentrations up to and including the 9<1"
percentile. This result is consistent with the hypothesis that lowest peaks correspond to clean air, onshore
synoptic flow conditions and the mid-range peaks to elevated continental background under large-scale offshore
flow conditions. However, the most extreme ozone concentrations are generally strongly controlled by localscale flows (8), which may not be fully resolved by the pilot system (but will be better resolved by the
demonstration system).
It is pleasing to note that the day of highest forecast ozone concentration corresponded to the day of highest
observed concentration (13 December 1998; Julian day 347). The pilot system has also done reasonably well at
reproducing the observed inter-regional variability (as represented by data for Newcastle, Sydney East and
Wollongong) in daily maximum 1-hour NOx concentration (Figure 3b). For example, the 50111, 75111 and 90111
percentiles of NOx concentrations observed at Wollongong scale as 54%, 50% and 55% of the 5olh, 75111 and 90111
percentiles observed at Sydney East. The ratios of the forecast percentiles are in good agreement, with the
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predicted 50th, 75th and 90th percentiles for Wollongong being 47%, 53% and 54% respectively of the values
predicted for Sydney East.
The pilot system has overestimated peak NO, concentrations (particularly for Sydney East) on a number of
occasions. The observed 50th, 75th and 90th percentile concentrations are 79 ppb, 137 ppb and 175 ppb
respectively while the equivalent modelled percentiles were 87 ppb, 168 ppb and 231 ppb. Clearly, it is
important to reduce the incidence of such overestimates, particularly given that they could lead to erroneous
forecasts of impending poor air quality. However, it is anticipated that the improvements documented in
Table 1 (particularly the NWPS modelling of surface characteristics) will lead to improved prediction of urban
dispersion conditions, particularly during nighttime.
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Figure 2: Comparison of near-surface wind field observations with LAPSOS forecast initialised at 1100
UTC 4 June 1999. Wind vectors are shown at every fourth point on the meteorological grid.
Observations are indicated bold. (full barb = 10 kts; half barb = S kts; no barb =2 kts; 1 kt = 0.5 m s' 1).
CONCLUSIONS
Significant progress has been made on the AAQFS since it was first announced in May 1998. The pilot system
has produced forecasts for Sydney and Melbourne for more than a year. These forecasts have been used to
evaluate the pilot system and assist in the development of the demonstration system. Although the pilot system
has a number of shortcomings, results support the premise that a numerical forecasting system will be able to
provide outputs that are useful for short-term air quality management by the EPAs. Work on the demonstration
system is well underway. For example, the high-resolution data sets are undergoing testing in LAPS05; a 0.05°
emissions inventory for Victoria has been completed and has been incorporated · into the pilot system for
Victoria; construction of the online emissions inventory and CTM software is in progress; and the daily forecasts
and validation outcomes are available to members of the team via an internal AAQFS Web Site.
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Figure 3: Observed and forecast (Pilot System) daily peak 1-hour ozone (a) and NOx (b) concentrations for
MAQS region, October to December 1998. Forecast peaks are denoted by the bar plots (MODEL) and observed
peaks by the squares (OBS).
Implementation of the online emission modules is expected to occur in time for testing during the 1999/2000
photochemical smog seasons in Sydney and Melbourne. Additional on-going and case-specific testing and
validation of the completed demonstration system will then continue until June 2000, prior to the showcasing of
the system at the Sydney 2000 Olympics.
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MODELLING THE STATISTICS OF URBAN PERSONAL EXPOSURE TO N{}z AND~
Orestis Valianatos1, Tom Bee~ & Bill Physick2
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ABSTRACT
Current scientific and regulatory emphasis is focussed on the amount of exposure that humans experience as a
result of their normal activities. To date, air quality measurements have been undertaken by regulatory agencies
at fixed measuring stations by sampling ambient air. The readings from such stations can be supplemented by the
outputs from air quality models, and a full two-dimensional map of air pollutant concentration can be obtained.
However, ambient monitoring station data and gridded model data do not account for a number of aspects of
human behaviour that determine exposure. Firstly, people in urban centres spend a considerable amount of their
time indoors. Secondly, people are mobile and are not continually exposed to the air at one location.
We calculate a 'first approximation' to human exposure to nitrogen dioxide (N0 2) and ozone (03) for people
living in different suburbs near Brisbane, travelling to, and working in, Brisbane in an outdoor environment. The
exposure assessment combined modelled air pollution concentrations at the ground with a description of the
receptor populations that are (or potentially are) exposed on a typical day. It also used a description of the
activity patterns engaged in by the receptors (time spent in different situations such as home, work, in-transit)
during a sixteen-hour interval to determine their exposure. Spatial variations in exposure are substantial and
depend on the interaction between location, local meteorology and air quality.
INTRODUCTION
Australia recently promulgated a National Environment Protection Measure for Ambient Air Quality (I) with its
desired environmental outcome being air quality that allows for the adequate protection of human health and
well-being. This specification focuses scientific attention on the interaction between air pollutants and human
beings. In particular, the amount of exposure that humans experience as a result of their normal activities (2).
To date, air quality measurements have been undertaken by regulatory agencies at fixed measuring stations by
sampling ambient air. The readings from such stations can be supplemented by the outputs from air quality
models, and a full two-dimensional map of air pollutant concentration can be obtained. Ambient monitoring
station data and gridded model data do not account for a number of aspects of human behaviour that determine
exposure. Firstly, people in urban centres spend a considerable amount of their time indoors. Secondly, people
are mobile and are not continually exposed to the air at one location. This work represents a preliminary study of
this latter aspect.
We calculate a 'first approximation' to human exposure to N02 and 0 3 for people living in different suburbs
near Brisbane, travelling to, and working in, Brisbane in an outdoor environment. The exposure assessment
consisted of combining modelled air pollution concentrations at the ground with details of the receptor
populations that are (or potentially are) exposed. It also entails a detailed description of the activity patterns
engaged in by the receptors (time spent in different situations such as home, work, in-transit) during a sixteenhour interval to determine their exposure.
A 'first approximation' to population exposure was made by studying four major suburbs representative of the
four quadrants of the integration area. A 'worst case' calculation was also undertaken by accumulating at every
time step the maximum possible concentration for the pollutant of interest.
METHODS
A mesoscale windfield model, LADM (Lagrangian Atmospheric Dispersion Model), was employed to predict
the diurnal cycle of winds and turbulence (3). The Lagrangian particle dispersion component of LADM was used
with the integrated empirical rate (IER) equations for photochemical smog formation to predict 03 and N02
fields. The model was run for Brisbane in a nested mode, with each run taking its lateral boundary conditions
from the previous run, using grid spacings of 10, 5 and 2.5 km (4). A case-study day- the 151h of January 1987for simulation was selected from the study of high 0 3 days in Brisbane by Katestone Scientific (5). The
industrial emissions and the diurnally varying motor vehicle emissions were represented in the model as a
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Gaussian source centred on the CBD. High 0 3 days occur primarily in summer under light synoptic northwesterly winds and are characterised by the morning appearance at Rocklea of recirculated smog from the
previous day. An afternoon 0 3 peak also occurs with the arrival of the sea breeze.
The synoptic situation on this day consisted of a weak pressure gradient producing light winds from the
northwest (2.5 m s-1 at the surface decreasing to zero at 900 hPa and above). Over the diurnal cycle, the model
predictions showed good agreement with 10m wind data at six sites. Low-level daytime flow was dominated by
the north-easterly winds in the sea breeze as it moved across Brisbane, reaching Ipswich by about 1600 LT (local
time). The north-westerly winds ahead of the sea breeze produced a sharp wind change across the north-west
south-east oriented front. During the night, drainage flows down the Boonah and Brisbane River valleys
combined to produce an early morning south-westerly flow through Ipswich Gap and into the Brisbane area.
This was quickly destroyed after sunrise by convective mixing and sea breeze and slope winds.
Morning emissions from Brisbane were transported offshore, but by midday the peak concentrations of
pollutants had been organised by the sea breeze in a northwest-southeast oriented line (front) a few kilometres
inland from the coastline. As it moved inland, the front continued to separate the relatively clean air ahead of it
from the higher concentrations just behind it. The model-predicted concentrations of 0 3 and N02 are consistent
with the few available observations.
Accumulated personal exposure to N0 2 and 0 3 for six different areas for a sixteen-hour interval (starting at 0400
LT) was obtained from the hourly-averaged concentrations predicted by LADM. The chosen areas were the
suburbs Beenleigh, Brighton, Caboolture, Ipswich, Southport and Brisbane CBD (see Fig. 1). Two scenarios for
the people living in these areas were used:
1) staying outdoors at home for one hour from 0400 to 0500 LT, then travelling to Brisbane (using the shortest
possible trajectory) at a suitable speed (in order to reach the city in two or three hours, depending on how far the
city is from the chosen location and the travelling speed), working in Brisbane for eight hours, returning home
using the same trajectory and speed, and staying at home for the rest of the time.
2) staying outdoors at home for the entire sixteen hour interval. This included the case when the person lives in
Brisbane.

Fig. 1 The domain of integration (grid spacing 2.5 km, 50x50 gridpoints). The fine contour lines indicate
orography at a contour interval of 200 m. The coastline is on the righthand side.
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RESULTS
Travellers and non-travellers: Results concerning these scenarios can be found in Figs. 2 - 3. Low exposure to
N02 between 0400 LT and 0700 LT in the morning results from the presence of relatively clean air. There is a
sharp increase in accumulated N02 (Fig. 2a) in the morning from 0700 LT (when the person is already in
Brisbane) until late morning, due primarily to photochemical reactions involving emissions from Brisbane's
motor vehicles. After this time N02 increases more slowly as more of it is converted to 0 3• Exposure begins to
differ for the various commuters after 1500 LT as they take different routes back home. Figure 2(b) shows the
exposures for those remaining outdoors at home instead of travelling to Brisbane, and comparison to Fig. 2(a)
indicates that by staying outdoors at home they would all be exposed to smaller dosages. Three of the locations
register virtually zero exposure. If, instead, a person was assumed to be at the location of the maximum
concentration each hour, the exposure over the 16 hours would be 724 ppb*hour, compared to a maximum from
Fig. 2 of 321 ppb*hour for a person staying in Brisbane all day.
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Figure 2: (a) accumulated exposure to N02 (left) for travel to and from Brisbane from various locations,
and (b) accumulated exposure to NOz (right) at various locations.

There is a negative accumulation of ozone (above the background level of 30 ppb) in Brisbane up to 1100 LT
(Fig. 3a) as background ozone is quickly titrated by nitric oxide (NO) from vehicles to form N~. However after
a few hours and in the presence of sunlight, N~ is converted back to 0 3 in a slower photochemical reaction, and
this can be seen in the sharp increase in 0 3 between 1100 and 1300 LT. This increase is due to the early morning
emissions passing back over Brisbane in the sea breeze, having been offshore for a few hours. The highest
exposures to 0 3 are encountered by people who travel to homes south of Brisbane in late afternoon because they
are travelling with or towards the sea-breeze front where the highest concentrations occur. The results for a
person staying outdoors at home (Fig.3b) show that the highest ozone accumulated exposure for the day is
encountered for someone at Beenleigh. In fact, a person suffers a higher exposure staying in Beenleigh all day
than travelling to Brisbane. For Ipswich, Caboolture and Brighton the ozone exposure is very small (at the
background value of 30 ppb*hour) when the person stays home. If a person was assumed to be wherever the
maximum concentration was registered each hour, the exposure over the 16 hours would be 1045 ppb*hour
(shown as the solid line of Fig. 4b), compared to a maximum from Fig. 3 of 634 ppb*hour for a person staying in
Beenleigh all day.
Analytic representations: Personal exposure to air pollutants results from the nature of emissions, the geographic
location of the city, the urban form and the distribution of the population within the city area. As a general rule,
the population density in a regular city decreases with the distance from the centre of the city. Thus further
studies considered a "perimeter average" of the exposure for different distances ranging from 4km to 85 km from
the middle of the integration area. Each hour, the average concentration along a set of circular perimeters centred
on the CBD was calculated for each pollutant.
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Figure 3: (a) accumulated exposure to 0 3 (left) for travel to and from Brisbane from various locations,
and (b) accumulated exposure to OJ (right) at various locations.

Figure 4(a) shows that the largest N02 exposure was encountered at the 4 krn perimeter, which includes Brisbane
CBD, displaying a sharp increase between 0700 and 1000 LT (the morning traffic) and a smaller increase
between 1500 LT and 1800 LT (the afternoon traffic). The amount of the accumulated N02 as a "perimeter
average" on different circles does not decrease uniformly from 4 km to 85 km. There are local minima due to
the evolution of the distribution of the pollutant in the area.
Fig. 4(b) shows the exposure for 0 3, with a minimum for 7 km (close to Brisbane) and a maximum for 53 km
(close·to the coastline where the sea breeze organises the peak in a north-west, south-east oriented line).
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Figure 4: (a) accumulated exposure to N02 (left), and (b) accumulated exposure to 0 3 (right) averaged
around the perimeter of circles at various distances from the Brisbane city centre. The units in bo't h cases
·are·p pb•hours.
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DISCUSSION AND CONCLUSION
We have demonstrated in this paper the disparities in personal exposure that arise across a coastal city subject to
photochemical smog and sea breezes. It is important to note that it is not the purpose of this paper to define
personal exposure levels around Brisbane and suburbs, but to illustrate a methodology that can be used to obtain
more accuracy in personal exposure levels as applied in health studies. As such, the values plotted in Figs. 2-4
are the 'exposure to Brisbane pollutants', as proper account is not taken of emissions from regional centres such
as Ipswich, Beenleigh and Southport. The personal exposure is influenced by at least four factors. The
evolution, duration and distribution of pollutant in the area; the time spent in different situations (such as home,
work, in-transit); the travel routes taken (distance from the city and travelling speed); and the air quality in each
location taking into account the exposure to all pollutants. Further work on this topic will define different forms
of city: dispersed, compact, multi-node, corridor, fringe, ultra (6), and study how variations in city form may
affect population exposure.
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SEASONAL AND REGIONAL VARIATIONS IN AMBIENT FINE PARTICLE
CONCENTRATIONS AND SOURCES IN NEW SOUTH WALES, AUSTRALIA: A
SEVEN YEAR STUDY
David D. Cohen
Physic Division, Australian Nuclear Science and Technology Organisation, Lucas Heights, 2234, Australia.
ABSTRACT

Non-destructive accelerator-based ion beam analysis (IBA) methods have been used to determine over 20
different chemical species present in ambient atmospheric fine particles in and around Sydney, Australia over a 7
year period. These data have then been used to generate elemental source fingerprints and used in Chemical
Mass Balance calculations to determine fine particle (PM2.5) source contributions atmospheric pollution.
INTRODUCTION

Ambient atmospheric fine particle concentrations and composition play a major role in the understanding of
pollution transport, visibility and climate change. High concentrations of PM2.5 and PM 10 particles (that is
particles with aerodynamics diameters of 2.5 and 10 microns or less) in the atmosphere have been shown to have
significant impacts on human health in major urban areas around the world (1). To better understand the role of
fine particles in these processes, it is important to quantify the anthropogenic and the natural components, the
regional and seasonal variations as well as identify possible sources.
The Aerosol Sampling Project (ASP) at the Australian Nuclear Science and Technology Organisation (ANSTO)
has been monitoring and characterising PM2.5 and PMlO particles in regions around Australia and overseas
since mid 1991 . We now have a data set of fine particle data (PM2.5) consisting of thousands of filters collected
every Sunday and Wednesday at dozens of sites. Each of these filters has been analysed using non-destructive
accelerator based ion beam analysis (IBA) methods to determine over 20 different chemical species present in
ambient atmospheric fine particles (2-5).
PARTICLE SAMPLING PROGRAM

Here we report on sampling at three major industrial and
urbanised regions of New South Wales, Australia, Mayfield
in Newcastle, Mascot in Sydney and Warrawong in
Wollongong, see Fig. 1. These three regions include about5
million people and cover over 175 km of the NSW
coastline. Fine particles (PM2.5) have been collected twice
weekly (every Sunday and Wednesday) since before
January 1992 on 25 mm diameter stretched Teflon filters
using a cyclone size selective inlet with a pumping rate of
22 L/min . Each sample was collected for 24 hours from
mid-night to mid-night. Here we report on the 7 year
sampling period from January 1992 to December 1998
inclusive.
During this period over 2,000 filters were
collected at these three sites, weighed and analysed using
IBA methods. The stretched Teflon filters were only 220
/)-g/cm2 thick with PM2.5 mass loading typically between
100 and 300 JJ-g, making them ideal thin targets for IBA
analysis

•

Bathurst

CANBERRA

0
Fig. 1. Location of the Mayfield, Mascot and
Warrawong sites on the eastern coast of
Australia.

FINE PARTICLE COMPOSITION

Four non-destructive simultaneous IBA methods of PIXE, PIGME, RBS and PESA were used to determine the
concentrations of the chemical species H, C, N, 0, F, Na, Al, Si , P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Brand Pb, soil, ammonium sulphate, organic matter and seaspray. These techniques have been described in
detail elsewhere (2-4) and need not be further discussed here, except to say that they have sufficient sensitivity to
determine many species to around 1 ng/m 3 of air sampled.
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Table 1 shows typical concentrations for all the
species measured at the Mascot site in central
Sydney. The concentrations listed are averages of
24 hour data over the 7 year study period. The
errors quoted are standard deviations of the 730 or
so samples taken at Mascot. The large errors
reflect the seasonal variations in the data, not the
measurement errors that were typically 5-15%.
This is clearly shown in Figs. 2 and 3 where the
average monthly data for the total PM2.5 mass
and the lead concentrations are plotted as a
function of time for the Mascot site. Winter peaks
(June to August) in the fine particle concentrations
are clearly visible with summer winter variations
being more than a factor of four in some years.
Similar seasonal variations occur for other
elements such as Na, Si, S, Cl, K, Brand Pb.

Table 1. Average concentrations of fine particles at
Mascot for the 7 year study period
Species

Cone.

Species

{nglrn 3 ]
10,300±4,600
371±222
379±290
51±46
80±50
5±3
490±154
462±210
71±40
50±28
5±3
1±0.5
1±1
10±15

Mass
H
Na
AI
Si
p

s
Cl
K
Ca
Ti

v
Cr
Mn

Fe
Co
Ni
Cu
Zn
Br
Pb
(NH4)2S04
Soot
Soil
Knon

Organics
Seasalt

Cone.
[ng!rn 3 ]
104±88
0.4±0.4
1±1
5±3
30±24
67±83
173±175
2019±640

3,760±2,470
652±460
9±29
2,737±2,300
963±740

In Table 1, fine particle ammonium sulphate was
estimated from sulphur and hydrogen assuming full neutralisation; soot was elemental carbon; soil was estimated
from the oxides of AI, Si, Ca, Ti and Fe; Knon was the non-soil potassium and represented smoke and organic
matter was estimated from hydrogen assuming an average composition of 9%H, 71 %C and 20%0 (3-4 ).
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Fig.2. PM2.5 mass with time for January 1992
to December 1998 for the Mascot site in central
Sydney. The dashed line is the US EPA annual
goal of 15 p.g!m3

Fig.3. PM2.5 lead with time for period January
1992 to December 1998 for the Mascot site in
central Sydney.

Fig. 3 also shows a distinct decrease in the ambient atmospheric fine particle (PM2.5) lead concentrations over
the study period. This was due to the reduction of lead in leaded petrol from 0.4g/L in 1993 to 0.3g/L in 1994
and finally to 0.2g/L in 1995 where it currently remains. This had the effect of reducing lead emissions from
motor vehicles in Sydney from 1,230 tons per year to 450 tons annually (5).
The fine fraction can be split into 5 major components elemental carbon or soot, organic matter, ammonium
sulphate, airborne soil, seaspray and trace elements usually associated industrial activities. In Table 2 we show
the relative percentage contributions for each of these major components as well as the PM2.5 total masses at the
three study sites averaged over the full 7 year study period. The PM2.5 ambient mass concentrations were below the
US EPA (NAAQS) goal of 15 JLg/m3 annual average, and generally below the 65 JLg/rrf 24 hour goal. The average
percentage contributions do not vary much between sites, although the higher elemental carbon and lead at
Mascot reflect the higher motor vehicle contribution at this site and the higher sulphate and soil components at
Mayfield and Warrawong reflect the increased industrial activity relative to Mascot site. These inter-elemental
associations leading to identification of possible sources can be further tested as many elements have been
measured. For example, Pb and Br from the combustion of leaded petrol, K and elemental carbon form biomass
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burning and Al and Si from airborne soils. The
correlation plots of Figs. 4 and 5 show that
strong correlations are present for elements
associated with particular sources.
The
gradient of the Pb-Br of Fig. 4 was 2.1, a value
Of 2.08 was calculated for known bromine/lead
additives in Sydney petrol (5). The fact that
most point lie near or on the least squares fit to
the data demonstrates that most of the lead at
Mascot is associated with bromine and hence
with motor vehicles. Similar plots for the
heavy industrial sites of Mayfield and
Warrawong show excess lead, above the
[Pb/Br]=2.08 line, not associated with bromine,
demonstrating other industrial lead sources not
associated with motor vehicles. The gradient
of the AJ-Si plot of Fig. 5 shows that the
average airborne soil at the Lucas Heights site
contains about twice as much silicon as
aluminium.

Table 2.
Percentage contributions of the majo
components to the PM2.5 mass fraction at the three stud;
sites averaged over the 7 year study period
PM2.5 7 year Average Mayfield
Species %
Newcastle
Elemental Carbon
30±11
Organics
20±11
(~)2S04

20±6

Soil

16±7

9d

s~sili

Lead
Trace elements
[including N03,

0.6±0.4

PM2.5 Mass (p.g/m3)

<7

<1

<7

12.5±3

10.3±5

9.2±3

Lucas Heights 1992-98

Mascot 1992-98

200

800

f

Warrawong
Wollongong
25±12
15±8
27±12
12±5
12±8
0.6±0.4

H20]

1000
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Fig. 4.
PM2.5 lead vs bromine at Mascot,
demonstrating a major motor vehicle source

Fig. 5. PM2.5 aluminium vs silicon at the ANSTO
site, demonstrating an airborne soil source

PMlO AND PM2.5 VARIATIONS
Since 1994 PM2.5 and PM10 ambient air particulates have also been measured twice a week at two sites in
Sydney, one at Liverpool, an urban site, 20 krn SW of Sydney and the other at ANSTO (see Fig. 1). These were
performed using a stacked filter system with a fine (PM2.5) fraction and a coarse 2.5 to 10 p.m fraction obtained
on separate Nuclepore filters with the sampling unit operating at 16 Umin (6). The PM10 fraction was obtained
by adding the fine and coarse fractions from the stacked filter unit. Fig. 6 shows the average monthly PMIO and
PM2.5 mass fractions for the Liverpool site. The two curves track each other fairly well over several years with
the average PMlO mass being (21±7) p.g/rn3 and the average PM2.5 mass being (7.4±3) p.g/rn3. Fig. 7 is plot of
the PM10 mass fraction against the PM2.5 mass fraction for both sites during 1994-98. It shows the average
[PM10/PM2.5] ratio was (2.7±0.8). A plot of the coarse (2.5 to 10 p.m) fraction against the PM2.5 fraction
showed a poorer correlation than given in Fig. 7 demonstrating that, in Sydney, this ratio is dominated by the
fine fraction which is more closely related to possible health effects. A good reason to measure the PM2.5
fraction rather than the PM10 fraction on a regular basis. There was no seasonal variation in the [PM10/PM2.5]
ratio over the study period, however the were large variations depending on the nature of the pollution source.
For example, when combustion sources like bush fires dominated the ambient concentration ratios were small,
but when dust storms or strong sea breezes dominated the ratios were high, as expected.
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Fig. 7. PM10 versus PM2.5 mass fractions for the
Liverpool and ANSTO sites during 1994-98.

SOURCE FINGERPRINTING AND CHEMICAL MASS BALANCE CALCULATIONS
The unique multi-elemental accelerator based ion beam analysis (IDA) methods gave good 'mass closure'. That
is the sum of the measured constituents, called the 'reconstructed mass' was close to the measured gravimetric
mass. For the three sites considered here the average reconstructed masses were (87±10)%, (91±10)% and
(97±1 1)% at Warrawong, Mayfield and Mascot respectively over the 7 year study period. This is excellent
considering that we estimate between 5% and 10% of the gravimetric mass is due to water vapour which is lost
as we perform our IBA techniques in vacuum. Furthermore, the multi-elemental nature of the analyses produced
more than 20 different chemical species that were combined with the hundreds of filters and standard Principal
Component Analysis (PCA) methods to define elemental source fingerprints (2,3,7,8). Generally the data
required between 3 and 6 principal components to explain 70 % to 90% of the sample variance. Each of these
principal components or fingerprints was given a generic name that best reflected its elemental source
components. The six unique fingerprint names and their associated element as defined by PCA methods are
shown in Table 3. These source fingerprints and their relative elemental contributions are unique to the Sydney
data set as they were derived statistically, entirely from this data set (2,3,4). Fingerprints for other sites in other
countries may contain quite different elements and will certainly contain different elemental ratios within a
fingerprint.
By the appropriate examination of
data from selected sampling sites
the relative contributions of each of
these elements to a given
fingerprint can be determined (2,3).
For example, in Fig. 8 we show
one such fingerprint obtained for
motor vehicles for three different
sampling studies performed in
Jakarta, Sydney and the US. The
elemental composition of the three
fingerprints are remarkably similar
differing in the lead and bromine
additives, as expected, and in some
minor trace elements.
All
fingerprints contained elemental
components related to retrained
soil (AI, Si, Ti) associated with
motor vehicle movements.
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Fig. 8 Motor vehicle fingerprints for PM2.5 particles for Jakarta,
Sydney and the USA (4).

Having defined a set of source fingerprints, similar to those in Fig. 8, that span the data set it is possible to
include these in a Chemical Mass Balance (CMB) analysis (9) to produce both absolute (p.glrrr) and percentage
contributions of these fingerprints to the total mass loadings on the filters. Table 4 show the results from such
a CMB calculation for monthly values averaged over the 7 year study period at the Mayfield, Mascot and
Warrawong sites. The values listed are percentage contributions for each source fingerprint to the total PM2.5
mass loadings given at the bottom of Table 2. Again the standard deviations given were large because they
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reflected the seasonal variations in the source contributions not the errors in the CMB statistical fits to the data.
The numbers in brackets after the errors are the maximum average monthly values for each source over the 7
year study period. Fine particle pollution at the inner Sydney city site of Mascot is clearly dominated by motor
vehicles, having a maximum monthly average of nearly 90% in the winter months of some years. The seaspray
component was consistently around 10% or 11% for all sites as they are coastal sites (see Fig. 1). The airborne
soil fingerprint at Mascot was lower than the total soil content at Mascot as given in Table 2 because some of the
soil components appeared in the motor vehicle fingerprint as well, as discussed earlier and also shown in Fig. 8.
Smoke from biomass burning is associated with domestic wood burning for heating and controlled burning in the
winter as well as the occasional bushfire in the summer. This is reflected in the high maximum values, given in
brackets, compared with the relatively low average annual contributions.

Table 3. Elements selected by Principal
Components
Analysis
as
being
associated
with
selected
source
fingerprints.
Fingerprint
Motor
Vehicles

Soil
Seaspray
Smoke
Coal

Industry

Elements Used
H, Na, AI, Si, S, Cl, K,
Ca, Ti, Mn, Fe, Cu, Zn,
Br, Pb, Elt.C
AI, Si, K, Ca, Ti, Mn, Fe
Na, S, Cl, K, Ca, Br
H, P, Cl, K, Ca, Mn,
Elt.C
H, Na, AI, Si, P, S, K,
Ca, Ti, Mn, Fe, Cu, Zn,
Pb, Elt.C
H, P, S, V, Cr, Co, Ni,
Cu, Zn, Pb, Elt.C

Table 4. Average percentage source contributions for
Newcastle, Sydney and Wollongong sites for the 7 year
study period from January 1992 to December 1998
Seven Year
Mayfield
Average
Newcastle
Percentage
Concentrations
Motor
33 ± 17(73)
Vehicles
10 ± 5(24)
Seaspray
13 ± 6(28)
Soil
1.6 ± 6(26)
Smoke
43 ± 10(62)
Industry

Mascot
Sydney

Warrawong
Wollongong

52± 22(87)
11 ± 9(33)
1.7 ± 1.5(6)
0.5 ± 4(27)
35 ± 16(73)

27 ± 11(58)
11 ± 7(28)
11 ±4(24)
2 ± 7(28)
49 ± 11(71)

Figs. 9 and 10 show the CMB calculations for the average monthly contributions for the motor vehicle, industry,
soil and seaspray fingerprints for Mascot site for the period from January 1992 to December 1998 inclusive. The
seasonal variations of the motor vehicles and industry fingerprints are obvious, with the seven winter peaks for
motor vehicles and the six summer peaks for the industry fingerprints. The industry fingerprint was dominated
by the high fine particle sulphate component which has sunlight as a catalyst for its production. Hence higher
industry fingerprints in the summer. Whereas the motor vehicle highs in the winter were produced by cooler
calmer weather conditions and inversion layers. Hence Sydney has a fine particle pollution problem dominated
by motor vehicle emissions in the winter and industry emissions in the summer. These summer/ winter
variations in the fingerprint contributions can vary by factors of 3 or 4 showing the need to maintain sampling at
a given site for at least several annual cycles. Similar plots were obtained for the industrial sites at Mayfield and
Warrawong.
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CONCLUSION
Through the simultaneous application of four ion beam analysis techniques, namely PIXE, PIGME, RBS and
forward recoil analysis, we have been able to fully characterise fine particle filters for a range of elements from
hydrogen to lead. Since 1991 we have analysed over 14,000 filters from more than 50 samplers in this way. The
collection of such a large dataset has enabled statistical approaches, such as Principal Components Analysis, to
be used to determine elemental source fingerprints. These in tum have been applied to Chemical Mass Balance
methods to completely specify relative and absolute source contributions to ambient fine particle pollution in a
range of cities throughout Australia and internationally.
The average PM2.5 mass of between 9 and 13 p.glm3 in the Sydney, Wollongong, Newcastle regions was
composed of about 30% elemental carbon, 25% organic matter, 20% ammonium sulphate, 10 % airborne soils
and 10% seaspray with the remainder being trace elements, water vapour and nitrates that are not well measured
on Teflon filters. If airborne soils and seaspray are considered natural sources and all other sources were
anthropogenic then between 75% and 80% of the fine particle pollution is manmade in and around Sydney. ·
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ABSTRACT
In the context of the relocation of the central railway station of the city of Stuttgart in Germany and in the context of the
necessary construction activities at this site (100 ha), in summer 1996 and in April 1997 tethered balloon and tracer gas
measurements were carried out. They enabled an examination of cold air drainage flows and an estimate to be made of
the impacts of construction activities on the positive effect of cold air drainage flows on air quality in this area.

THEORY
At night during clear sky and stable weather conditions, the ground is cooling down by loosing thermal energy by
radiation to outer space. Air masses close to ground level are also cooling down by convective loss of energy to the
ground. The density of cold air is higher than of warm air and in terrain with changing topographical relief, the cold air
masses start to flow towards the lowest topographical point in the area and cold air drainage flows develop.
Cold air drainage flows are very important for Stuttgart, situated in a basin surrounded by a chain of hills with a height
of 50 to 100m. This chain is just opened at one side to the valley of the river Neckar. At the narrowest cross-section of
this opening, the construction area (100 ha) of a new central station is planned and the influence of this construction
activities on the cold air drainage flows and its effect on the air quality of Stuttgart was the topic of the tethered balloon
and the tracer gas experiment.
A city situated in such a basin has increased air quality problems according to the reduced wind speed and due to the
increased tendency to develop stable weather conditions, with the effect of inhibited dilution of the emitted air
pollutants and thus higher concentrations of ambient air pollutants.
On the other hand the basin location supports the development of cold air drainage flows and they can have a positive
effect on Stuttgart's air pollution situation. Supposed that there are no major emission sources like factories or heavy
traffic roads in the cold air production areas on the surrounding hills, cold air drainage flows supply the city with fresh
air. The city's emissions are diluted and transported out of town and thus lower ambient air concentrations are the result.
Calculations of the occurrence frequency of cold air drainage flows in Stuttgart came to the result, that in Stuttgart at
30 % of all days per year cold air drainage flows are existent (Landeshauptstadt Stuttgart 1997). This stresses once more
the importance of cold air drainage flows and its positive influence on the air quality of Stuttgart.
On the other hand cold air drainage flows can be inhibited or stopped totally by increased roughness of the ground,
caused by buildings set up in flow paths of cold air drainage flows . Kuttler found that cold air drainage flows can also
take off above such obstacles and lead to reduced ventilation at ground (Kuttler 1996).

MEASUREMENT TECHNIQUE
The complete tethered balloon measurement system was developed at the Institute for Process Engineering and Power
Plant Technology at the University of Stuttgart for continuous measurements of different meteorological parameters, as
well as the vertical distribution of NOx, N0 2, 0 3• S02• C02 and particulate matter (PM). VOC are measured
discontinuously by collecting samples in three different levels each (STEISSLINGER and BAUMBACH 1990; BAUMBACH
and Vogt 1995). A schematic depiction of the tethered balloon measurement system is shown in figure l. The
instruments used for the tethered balloon measurement system are listed in table 1.
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Table 1: Technical data and
b a IIoon syst em
Volume
Free lift
Max. hei~ht above ~round:
Meteorological parameters

parameters measured by the tethered

Chemical parameters

vertical
profile

7; 30; 56 and 85m3
20kg
1200 m
Temperature, wind speed, wind
direction, humidity
N02, NOx, 03, C02, S02,
Particulate matter in 8 size fractions,
VOC: app. 15 Substances C6- C10

balloon and ground station
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The tethered balloon is filled with
helium and has a volume of 85 m3 and
an additional load of about 20 kg. The
balloon can be elevated with a special
rope up to a height of 1200 m above
ground level. The measuring data from
the airborne system are collected and
transmitted every ten seconds by the
telemetric
transmitter
in
the
meteorological sonde to the ground.
These raw values are stored on the hard
disk of a personal computer, and shown
on a screen. The final evaluation of the
data is carried out afterwards by
including
calibration
data
and
correction factors. Apart from the
airborne measurement instruments there
is an additional set of analysers
installed in the ground station for
reasons of calibration and continuous
measurement of the ground level
concentrations.

/

With help of tracer gas experiments the
flow path of air flows can be followed,
their
horizontal
(and
vertical)
).__:_ · IVD
/
electrical
winch
dispersion over an area can be
0
examined and the velocity of cold air
0 10 2030
NOzin ppb
drainage flows can be calculated. The
main reason the gas used is the nonFig. 1: Tethered Balloon Measurement System, its technical data and
of this gas in the atmosphere
existence
an example of a vertical profile
and its inhibition to chemical and
biological reactions. Usually non-toxic,
non-water
solvable
and
noninflammable gases were used. In the
flow controller
first experiment sulfur hexafluoride SF6
pressure
regulator
was used. The second experiment was
automatic at
air sampler
improved by using three tracer gases
simultaneously,
SF6, CF4 and C2F6 . In
tracer-air
tracer gas
figure
2
a
schematic
depiction of the
mixture
SF,
CF,
tracer gas emission and sampling unit is
C,F,
shown. Due to the low background
concentrations of the tracer gases and
the low detection limit of the gases, a
flow
rate of 100-300 1/h was emitted
flow rate I 00 - 300 1/h
from a gas cylinder and with help of a
sampling vessels
ventilator (1 m above ground) the gas
was well mixed and transported with
Fig. 2: Tracer emission and sampling unit
surrounding air. Along the expected
flow paths automatic working sampling
units were installed, consisting of a probe, a pump, a timer, a valve and 10 sampling vessels . With help of the timer, the
valve was controlled and one after the other sampling vessel was filled with sampling air for 30 minutes. The samples
were analysed by GC-method in the laboratory and as a result the temporal course of the tracer gas concentration as
half-hour mean values at each of the 15 measurement sites were gained.
.1!

en
~ 200

','

INVESTIGATION AREA
In figure 3a the investigation area is depicted in a map. The black line marks the chain of hills surrounding the city
center. The construction area around the main railway station is located at the narrowest cross-section of the only gap in
the chain of hills around the city center. The small black arrows in the maps represents the volume density of the cold
air drainage flows gained by model simulations (Landeshauptstadt Stuttgart 1997). The main cold air drainage flow
through the "Nesenbach" valley in the south west corner of figure 3a is very strong and well known before. The
investigation of this major cold air drainage flow was the task of the first measurement campaign in August 1996. For
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this purpose SF6 tracer gas was emitted in a side valley of the "Nesenbach" valley in a night in which cold air drainage
flows were expected. 15 sampling points were set up to follow the expected path of the cold air drainage flows on its
way down the valley till the construction area of the central station, where the "Nesenbach" valley leads to the "Neckar"
valley nearby measurement site no. 7.

construction area (1 00 ha)
Stuttgart 21
calculated volume density
of the cold air flows
_ . Investigated cold air flows

Fig. 3:

rrr tracer gas emission (SF., CF., C,F,)
0

tracer sampling site

[;:\ tethered balloon and
\V tracer sampling site

a: Investigation area during the I. experiment in August 1996
b: Investigation area during the II. experiment in April1997

The tethered balloon
soundings
took
simultaneously place at
measurement site no. 6
and 7. The task of the
second
measurement
camapaign m April
1997 was the more
detailed investigation of
the cold air drainage
flows directly at the
construction
area,
shown in figure 3b.
Three different tracer
gases (SF6 , CF4 and
C2F6) were released
simultaneously to the air
at the top of the hills, at
the entrance of three
minor valleys, north
west of the construction
area. Those time the
tethered
balloon
soundings were carried
out at measurement site
6 and 22 (figure 3b).

I MEASUREMENT CAMPAIGN IN SUMMER 1996 (August 9 and 10)
The main cold air drainage flow through the "Nesenbach" valley from south west to north east of the city center was the
subject of this measurement campaign. The tracer gas was released at the top of the sun-ounding hills at the entrance of
a side valley of the "Nesenbach" valley at 21 CEST with an emission flow rate of 300 1/h. From 23 CEST to 4 CEST 10
samples at each of the 15 measurement sites were taken. The results were shown in figure 4. The x-axis of the diagrams
represents the time period from 23 CEST to 4 CEST and the y-axis the SF6-concentrations at the measurement sites.
Measurement site 1 and 2 were installed in a distance of about 1.4 km from the tracer emission source and the
concentrations were> 10000 ppt and thus beyond the maximum detection limit. But already at measurement site 3 the
tracer gas was more diluted and its exact concentration could be measured. The maximum mean value (5 hour mean
value), shown in the box above or beside the diagrams were detected at measurement site 9 a value of 3300 ppt.
Although measurement site 3 (2700 ppt), measurement site 4 (1350 ppt) and measurement site 5 (1580 ppt) were set up
directly in the "Nesenbach" valley and their concentrations were lower than at site no. 9 beside the middle of the axis of
the valley. During this night the overall geostrophic wind blew in an angel of 90 degree against the cold air drainage
flow (south west) from south easterly direction. This could be the reason for transfen-ing the main cold air drainage flow
and the maximum tracer gas concentrations out of the middle of the valley bottom to the more northerly located site
no. 9.
Beyond site number 3 and 9 the valley opens widely to the Stuttgart basin. The consequence was decreasing SF6
concentrations beyond these two sites, due to dilution of this main cold air drainage flow with other cold air drainage
flows from the slopes of the hills. Nearby the train station at the narrowest cross-section of the only gap of the Stuttgart
basin, 5 measurement sites were positioned (no. 11 , 12, 6, 13, 15). No. 6 was the only site at ground level. No. 13 was
situated at the top of the station tower approx. 40 m above ground. No. 15 and 12 were at a height of approx. 60 m
above the bottom of the basin at the slope of the hills and 11 was located at the top of a hill. The lowest mean value at
all was measured at the top of the hill with 20 ppt (no. 11). The maximum value of the five sites in the cross-section was
measured at site no. 15 (60 m above ground at the slope) with 820 ppt, whereas the mean value (80 ppt) at site no. 12 at
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the opposite slope with the same altitude was approx. 10 times lower. The values at the sites no. 6 and 13 in the middle
of the valley were similar with 410 ppt and 460 ppt, but only 50% of the values at the north westerly site no. 15. The
probable reason for this phenomenon was mentioned before. The geostrophical wind, which blew from south easterly
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Fig. 5: comparison of dry temperature, wind velocity and wind direction at both balloon measurement sites, no.
6 and no. 22, at April1, 1997, starting time 23 CEST
direction, influenced the cold air drainage flows (south westerly flow direction) in the way that the axes of the cold air
drainage flow was shifted from the middle of the valley to the north western slopes.

ll. MEASUREMENT CAMPAIGN IN 1997 (April1 to 3)
The task of the second measurement campaign was the more detailed investigation of the cold air drainage flows of the
construction area around the central station, which took place in April 1997. The tracer emission sites, the 15 tracer
sampling sites and the two tethered balloon measurement sites (no. 6 and 22) are drawn into the map of figure 3b.
In figure 5 the results of a vertical sounding at both measurement sites were shown. At the left side the profiles which
were measured at site no. 6 are depicted and the profiles at the right side of figure 5 were taken at measurement site no.
22. The x-axis of each profile represents the parameter dry temperature, wind velocity and wind direction. The y-axis
represents the height above ground in meter. The sounding started on April 1, 1997, at 23 CEST. By comparing the
temperature profiles measured at the two sounding sites, a much more clear temperature inversion nearby ground level
up to 100m above ground is visible at the profiles belonging to site no. 22 compared to the one of site no. 6. The reason
for this phenomenon is, that the cold air drainage flow at site no. 6, the main flow through the "Nesenbach"valley,
already passed about 6 km through the city center and was heated up on its way by the warmth spending buildings and
streets (heat island effect). This cold air drainage flow is leaving the city center. The cold air drainage flow at site no. 22
(profiles at the right side in figure 5), measured at the exit of a minor valley at the northern corner of the construction
area, directly comes from the cold air production areas around the Stuttgart basin and did not had the chance to warm
up.
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The comparison of the profiles of the wind direction also gives different results. At site no. 6 the wind direction was
constant from ground level to l 00 m above ground with south westerly direction. Then a zone with a wind shear of 180°
followed . Above the wind shear north easterly wind direction prevailed. This north easterly wind was the geostrophical
wind during that time. Below the wind shear the cold air drainage flow through the "Nesenbach" valley caused an
opposite south westerly wind direction following the course of the valley from south west to north east. Following the
wind direction and the temperature profile the vertical extension of the cold air drainage flow was 100 m at that time at
site no. 6. The wind direction profile on the right side in figure 6, measured at site no. 22, differs a little bit. The wind
direction near ground level up to a height of 45 m above ground was west, exactly following the course from west to
east of the minor valley, where the site was located. The vertical profiles of the wind velocity also differs. At site no. 6
the wind velocity near ground level is very low, about 0.5 m/s. In a height of more than 30 m the flow velocity of the
cold air drainage flow increases and reaches its maximum of 3 m/s in 50 m. Nearby the wind shear almost no wind
velocity was measured. Above the wind shear the wind velocity increased again. The reason for the reduced wind
velocity near ground level was the existence of buildings and huge trees around measurement site no. 6. The wind
velocity at site no. 22 was a little bit lower with a maximum of approx. 2 m/s at ground level and decreasing values up
to the wind shear in 45 m above ground. The maximum of the wind velocity of the cold air drainage flow at this site
was near ground level, because no disturbing buildings and plants were there.
The vertical extension of the cold air drainage flows were quite different a this two measurement sites. At site no. 6 the
vertical extension was more than 100m, at site no. 22 only 45 m. The main cold air drainage flow at site no. 6 was
much more mighty (> lOOm, 3 m/s) than the cold air drainage flow at site no. 22 (45 m, 2 m/s) at the minor valley. In
figure 6 vertical profiles of a further sounding with cold air drainage flows at site no. 6 are shown. The sounding took
place at April 2 and started at 4:08 CEST. In the temperature profile a temperature inversion in a height of 180m is
visible. Up to this height south westerly wind direction prevailed and a zone with a wind shear followed. The
consequence of the temperature inversion on the concentrations of the measured air pollutants (particulate matter, C02
and N02) are visible in their vertical profiles. Below the temperature inversion within the cold air drainage flow, the
concentrations were higher than above. The most significant gradient could be analysed for N02• The N02
concentration, approx. 50 ppb, near ground level was constant, whereas the values above the temperature inversion
were very low.
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CONCLUSIONS
The measurements proved that the cold air drainage flows in Stuttgart are existent and very well measurable. Even the
main cold air drainage flow through the "Nesenbach" valley was easily detectable after its long way through the whole
city center. The major cold air drainage flow, with a vertical extension of more than 100m, cannot easily be inhibited
by new buildings, planned at the construction area at the central station. But nevertheless the air quality within this area
need careful planning of the buildings, because the flow velocity can be reduced and thus the dilution and transport of
the air pollutants can be inhibited. Also minor cold air drainage flows are important for the city's air quality. But they
are not so powerful (lower vertical extension and velocity) and block buildings set up in the flow path of such minor
cold air drainage flows can inhibited, stop or even force them to take off above the buildings. The consequence would
be worse ventilation and thus worse air quality than before. Enough 'green corridors' through the building area would
improve the situation.
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COASTAL REGION OF THE TOKYO METROPOLITAN AREA
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ABSTRACT
Wintertime N02 air pollution induced by the topographic blocking effect (meso-front line over the Tokyo Bay)
and strongly stable atmospheric conditions over the Tokyo metropolitan area was analyzed. Three-dimensional
mesoscale numerical model (MM) and chemical transport model (CTM) were applied to enhance understanding
of the 3-D structure of this meso-front and the formation of high N0 2 concentrations. In the northern part of the
meso-front, strong inversion layer was formed by (a) surface radiative cooling due to the stagnant air condition,
(b) penetration of cold air from the mountainous area and (c) relatively wanner air in the upper layer. This
surface inversion layer caused the high N02 concentration over the northern half of Kanto Plain. A similar
approach was extended to summertime sea breeze penetration over the sourthern part of Kanto Plain. Nested grid
numerical mesoscale model analysis revealed that urban heat island enhanced sea breeze conversion line is
responsible for the formation of small cloud street observed westside of Tokyo metropolitan area.

INTRODUCTION
The Tokyo metropolitan area has a complex coast line and steep mountainous regions at the west and north
borders of the Kanto Plain. These terrain complexities generate very complex local wind circulation such as
land/sea and mountain/valley winds. Wind circulation systems play a significant role for the urban air quality in
the region. Furthermore the rapid urbanization within two decades modified the land-use pattern and increased
both the anthropogenic heat and air pollutants emissions, which may also enhance the modification of the local
scale wind system. This paper focused on the current application results of mesoscale meteorology/chemical
transport model to the Tokyo metropolitan area. Firstly, wintertime N02 air pollution induced by the topographic
blocking effect (meso-front line over the Tokyo Bay) and strongly stable atmospheric condition over the Tokyo
urban area will be analyzed. Mesoscale meteorological model and its off-line coupled chemical transport model
clearly simulated the formation of meso-front Jines and details of 3-D pollutants (N02 and 0 3) structure.
Numerical analysis showed the meso-front line plays an important role for the horizontal and vertical structure of
air pollutants over the Tokyo urban area. Secondly, the numerical analysis of small cumulus cloud street formed
at the sea breeze front convergence zone from two bays (Tokyo and Sagami Bays) and its relation to air quality is
presented based on the mesoscale numerical model. The sensitivity analysis of the effect of land-use changes and
anthropogenic heat release increase is also summarized.

WINTERTIME N02 AIR POLLUTION
High wintertime concentrations of N02 and suspended particle matter (SPM) are major atmospheric environment
problem in Japan, especially in the Tokyo Metropolitan Area (TMA). Ohara et al.(1,2) showed that the sea/land
breezes play an important role in the formation of high air pollutant concentrations in the TMA. While, Mizuno
and Kondo(3) pointed out that the high levels of air pollution over TMA were often associated with a wind
convergence line (meso-front) in winter. They showed that a meso-front line was often formed across the Tokyo
Bay in a direction from WSW to ENE. High level pollutants are usually observed in the northern part of this
front because of the strong ground-based inversion layer and stagnant air condition.

NUMERICAL METHODS
Three-dimensional mesoscale numerical model using four dimensional data assimilation (FDDA) was applied to
have a better understanding of 3-D structure of meso-front and the interaction of the diurnal local wind
circulation. The Colorado State University Mesoscale Model (CSUMM)(4,5) was used in present study. The
model is hydrostatic and consists of the equations of motion, moisture and continuity within a 3-D terrainfollowing coordinate system. It includes a thermodynamic equation, a diagnostic equation for pressure, and a
surface heat budget. Figure I shows the model domain (Kanto Plain is located the within Region 1 of this
figure) . Twice daily upper air sounding data (observation site .A.) and hourly surface meteorological data
(observation sites e), which were observed in aerological data stations and AMeDAS stations of the Japan
Meteorological Agency, respectively, were used in the FDDA. The mesoscale numerical model was also used as
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a meteorological driver to generate three-dimensional flow and diffusion fields as input to the Chemical
Transport Model (CTM).
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Figure 1: Topography of the central Japan area. Mesoscale model domain includes all the
area, while chemical transport model domain is shown in Region 1 (grid 1) and Region 2
(Nesting Grid 2). Kanto Plain Is the area indicated by Region 1. A. and e symbols indicate
the upper air sounding site and surface meteorology observation site (AMeDAS). Contour
interval is 200, 500, 1000 and 1500m AGL.

Three-dimensional pollutant structure was simulated by two-way nesting chemical transport model (CTM; CTM
calculation domain is indicated by Region 1 in Figure 1). The numerical model includes transport, diffusion, dry
deposition, emission and chemical reaction processes. Dry deposition processes were modeled using a resistance
theory that depends on land use categories. Carbon-Bond Mechanism (CBM-IV) was used as the chemical
reaction scheme. In order to analysis a mechanism of N02 high concentration formation caused by the mesofront, two-way nested grid approach is used in present study. Finer grids (Region 2) were embedded in coarser
grids (Region 1) for more detailed representation of advection/diffusion, chemistry, and emissions around the
meso-front.
Annual emission rates of NOx and NMHC were estimated for the TMA and its surroundings at 1 krn grid
resolution. NOx emission from factories, residence sectors, vehicles, airplanes and vessels and NMHC emissions
from anthropogenic sources (vehicle, vessel, oil refinery facilities, other petrochemical operations, gasoline
vapor and painting solvents) were used for model input. The anthropogenic emissions were categorized into
seven organic classes in the CBM-IV based on the source fingerprints which were appropriate for each source
category. The source fingerprints used in this study were developed based on the results of field observations
and emission research. Figure 2 shows the data processing flow chart for the mesoscale numerical model and
CTM.
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Figure 2: Observational and numerical
data processing flow for mesoscale
and
meteorological
model
(MM)
chemical transport model(~)

Numerical model experiment was conducted from OOOOJST Dec. 21 to OOOOJST Dec. 24, 1990. More detailed
information of model run can be found in Ohara and Uno (6).

RESULTS AND DISCUSSION
Mesoscale numerical model with FDDA simulated well the formation of this meso-front. Figure 3 shows the
surface wind (z*=10m) over the Kanto Plain simulated at 3 hour intervals starting from 0900JST on 22 Dec.
1990. In this figure, bold wind vector indicates the observed surface wind. The time variation of surface winds in
the Kanto Plain clearly shows typical development of the meso-front line. At OOOOJST Dec. 22 (not shown in
figure) the NW/N winds from mountainous area covered the entire Kanto Plain. At 1200JST Dec. 22, the NW/N
wind was weakened, while on the coast of the Pacific Ocean the SW winds were observed. At OOOOJST Dec.
23, SW wind was developed over the southern part of the Kanto Plain; and by 1200JST the S/SW winds covered
the entire Kanto Plain. The meso-front, defined as a line of wind direction discontinuity (or wind convergence
zone) was generated in the morning of Dec. 22 and then moved toward the north direction until the night of Dec.
23.

Figure 3: Simulated airflow (z•=lOm) over the Kanto Plain and bold arrow is the observed
wind vector. C indicates the wind is calm. Shaded area shows the meso-front zone
determined from wind direction discontinuity.

621

Simulated time vanatwns of surface wind speed, wind direction and air temperature are compared with the
observed values at three points shown in Figure 4 (locations denoted by C 1 - C 3 in Figure 3). Temperature
difference of about 10° was observed across the meso-front line. This meso-front line is mainly caused by the
topographical blocking effect due the central mountainous area under the condition of the SW IS geostrophic
wind(3). These characteristics are consistent between the observation and simulation results qualitatively.
However, it is difficult to simulate the exact observed location of the meso-front line.

Figure 4: Comparison between observation (symbols) and numerical result (lines) for temperature,
wind speed and wind direction. Observation sites were identified in Figure 3 (C 1- C3).
0. 05./s

L

Figure 5 shows the y-z cross-section of the twodimensional wind vector (i .e., north-south and
vertical components) and potential temperature along
the line L in Figure 3 at (a) 1800JST and (b)
2400JST, 22 Dec. 1990. At 1800JST, the SW/WSW
winds dominated over the southern part of the mesofront fanned across Tokyo Bay and the upper layer
of the Kanto Plain, while the cold N/NW winds from
the mountainous area penetrated in the lower layer of
the Kanto Plain. Strong ground-based inversion was
formed and the surface wind was weakened. By
2400JST, the cold down-slope winds penetrated from
the mountainous area were developed and advanced
toward the meso-front, and the surface inversion
became thicker. Atmospheric layer below 1OOm level
over the Kanto Plain was cooled due to both the
effects of surface radiative cooling under the
stagnant air condition and the penetration of cold air
from the mountainous area. On the other hand, a
relatively warmer air dominated the upper layer.
Figure 6 shows the comparison between the
observed and predicted time variations of surface
N0 2 and 0 3 concentrations for the three-day period
(shaded period indicates that the station is located
within the meso-front zone).

Figure 5: Wind vector and potential
temperature isopleth for the N-S vertical cross
section along the line L shown in Figure 3.
Thick shaded area is the topography, while the
light shaded area indicates the zone where the
wind direction is from inland mountainous area
to the meso-front line.
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Observed data were taken from the air pollution
monitoring stations. As the meso-front moved
gradually toward the north, stations A (near symbol
L in Figure 3), B (C 1 in Figure 3) and C (C 2) were
located south the meso-front. The meso-front passed
over A, B and C points at almost 0600JST, 1300JST
on 22 Dec. and 0200JST on 23 Dec., respectively.
Point D (C 3) was always located outside the mesofront. Before the passage of the meso-front at three
points, the wind was calm and the surface inversion
layer was developed, so that the N0 2 concentration
was very high and the 0 3 concentration was low due
to the quenching effects of NO on 0 3 . After the

passage of the meso-front, the wind speed increased and the surface stable layer was weakened, so that the N~
concentration decreased and the 0 3 concentration increased, rapidly. Simulated N~ and 0 3 variations had a
good agreement with the air pollution monitoring station data.
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Figure 6: Comparison between observation (symbols) and numerical result (lines) for NOz and 0 3•
Observation sites were identified in Figure xx (a-d).

URBAN HEAT ISLAND ENHANCED SEA BREEZE CONVERSION LINE
Sea breeze penetration in Tokyo metropolitan area play a significant role for the urban thermal and air pollution
conditions. As shown in Figure 7, sea breeze penetrations from the Tokyo and Sagarni Bays can be modified due
to rapid urbanization in recent two decades. Figure 7 (a) shows the horizontal distribution of anthropogenic heat
release over the Kanto Plain (Thick straight line indicates the Loop road No. 8, usually called Kanpachi street). It
is obvious that the magnitude of anthropogenic heat intensity is significantly different between inside and outside
the Kanpachi street. Small cumulus cloud street (Kanpachi cloud having the horizontal scale less that SOOm and
vertical cloud base height is approximately lOOOm) is observed over the "Kanpachi street" during the typical
clear and calm summer synoptic condition. Kai et al. (7) pointed out that the convergence of these two sea
breezes enhances the formation of this "Kanpachi cloud". and the location of these "Kanpachi cloud street"
formation moving to the west due to the urbanization.
(c)
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Figure 7: (a) Horizontal distribution of anthropogenic heat release over Tokyo (b) Sea breeze convergence
lines and cloud water contents (shaded) for llOOJST, (c) as in (b) but for 1400JST. Thick line indicates the
location of the Kanpachi street.
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Detailed formation mechanism of this Kanpachi cloud street was examined including the effect of
urbanization with 4 nested grid system based· on the CSU-RAMS (Regional Atmospheric M0deling
System; Pielke et. a/.(8)). Figure 7(b,c) shows the example of numerical results of cloud. street It was
pointed out that the formation of Kanpachi cloud street required two dominant. meteorological: conditions
at the same time, one is the convergence of the two sea breezes from Tokyo Bay and Sagami Bay, and.the
other is the existance of additional urban heat island. Urbanization changed the intensity and position of
Kanpachf street cloud, through enhancement of local' upward motions and changing the near-surface
horizontal pressure gradient between urban and sub-urban. Interaction between air pollutants increase and
cloud formation still remain. open question for the next step of model application (Details can be found in
Kanda-et al. (9)).
SUMMARY AND CONCLUSIONS
Meso-front observed in the southern part of Kanto Plain, Japan, plays a significant role for the formation of
heavy air pollution over the Tokyo Metropolitan Area (TMA) located in Kanto Plain. Three-dimensional
mesoscale numerical model (MM) and chemical transport model (CTM) were applied to analysis 3-D structure
of this meso-front and N~ high concentration formation over the TMA. Numerical results and observation
shows,.
•

•

•

•
•

Mesoscale numerical model with FDDA simulated well the formation of this meso-front. Simulated surface
wind variation is consistent with the surface observation data. However, the exact agreement of the observed
location of meso-front line was difficult.
Three-dimensional pollutant structure was simulated with a two-way nesting chemical transport model
(CTM): Mesoscale wind and turbulence fields were used in the CTM. Simulated N02 variation had a good
agreement with the air pollution monitoring station data, and revealed the detailed vertical N0 2 structure and
its sequential developments.
In the northern part of the meso-front, strong surface inversion layer was formed by (a) surface radiative
cooling due to the stagnant air condition, (b) penetration of cold air from the mountainous area and (c)
relatively warmer air in the upper layer. This surface inversion layer caused the high N0 2 concentration over
the northern half of Kanto Plain.
The meso-front influenced the transport of pollutants. The dynamic of the high N02 concentrations were
basically controlled relative position of the emission area to the meso-front.
Nested grid numerical mesoscale model analysis revealed that urban heat island enhanced sea breeze
conversion line is responsible for the formation of small cloud street observed westside of Tokyo
metropolitan area.
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STATISTICAL AND DYNAMIC RELATIONSHIPS AMONG GASEOUS
POLLUTANTS FROM AUTOMOBILES IN URBAN HONG KONG
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ABSTRACT
In the present study the hourly measurements of ambient air pollutants (NO" and 0 3) and meteorological
parameters (zonal wind speed) recorded in 1994 at the urban centre of Hong Kong are analysed using time-series
methods in order to establish their dynamic relationships. Since the territory experiences influences from both
continental and maritime circulations, concentration levels of pollutants are greatly affected by seasonal factors
as well as local meteorology and emission factors. Using recursive filtering techniques, component
decomposition of the observed time-series allows for seasonal adjustment with respect to an identified
periodicity, which in this study is the diurnal cycles. Cross-correlation examinations show that the seasonally
adjusted N02 and 0 3 are significantly negatively correlated at zero time lag, especially during January to March,
and October to December of the year. Local zonal wind is also found to be negatively correlated with 0 3, and
positively with N02 . The findings confirm local contribution to nitrogen oxides. Multiple time series approach is
adapted to model feedback mechanisms between N02 and 0 3 in January. Diagnostic checking, however,
suggests that inclusion of other parameters may improve model identification.
INTRODUCTION
Like other cities, Hong Kong inevitably encounters air pollution problems. One of the major sources is
automobile emission, and it is heavier in urban areas (1). In addition to road traffic, air pollutants and
background trace gases from the China mainland and the ocean are shown to affect the air quality in the territory
(2) (3). In 1983, Environmental Protection Department (EPD) established an air quality monitor network
covering urban and suburban areas throughout the territory. A station is set up on the rooftop of a multi-storey
building in the Central Western District (CenWest). The station measures a number of air pollutants and
meteorological parameters including nitrogen oxides, ozone, wind speed and direction, and global solar radiation
flux. Since in the present study we are only interested in temporal relationships among various air pollutants in
an urban site, time series analysis approach is adequate. Our objective is threefold. Firstly, analyse effects of
meteorological parameters on air pollutant concentration. Secondly, determine whether air pollutants are
contributed locally or from abroad. Finally, devise a time series model to describe the dynamics in individual
pollutant species that are chemically related.
RECURSIVE ESTIMATION
One of the desirable features about recursive estimation and filtering technique is the time-varying parameter
(TVP) that allows smooth and irregular changes in the level and slope of parameters between any consecutive
temporal intervals (4). Since the air pollution species and some meteorological parameters being studied here are
generally non-stationary and sometimes periodic, we will make use of two types of the recursive models: one to
remove long-time variation (or trend), the other to extract components that may contain periodic signals. The socalled integrated random walk (IRW) models belong to the first kind (5) (6) (7). The dynamic harmonic
regression (DHR) models, on the other hand, belong to the second kind (7). The most desirable feature of DHR
models is that although their periodicity in sinusoidal argument is specified, their amplitudes are allowed time
varying. This permits application to time series that are periodic but with varying variance. Moreover, DHR is
advantageous over multiplicative decomposition method in a way that the latter using moving average would
tend to smooth out interesting variations. A method called sequential spectral decomposition (7) provides a
flexible procedure to identify the IRW and DHR models for different purposes from detrending to seasonal
adjustment. Results of such analyses are presented below.
RESULTS
After detrending by IRW models, January time series of N02, NO and 0 3 are found to contain diurnal signals
(not shown). In fact, diurnal signals are identified in all monthly time series throughout the year (not shown).
Furthermore, over the period between January 1 to June 11 both NO and 0 3 are bimodal and out of phase (Fig.
1). Note that the two modes in NO coincide with peak-hours of traffic. It is also interesting to note that the
morning mode in 0 3 is not only due to substantial decrease in the automobile emissions, but also due to
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continuous 0 3 import from the ocean by occasional maritime airstream (3). The midday mode in 0 3, on the other
hand, is enhanced by combination of 0 2, which occurs naturally, and [0] radicals, which are produced from
photo-dissociation ofN02 (8).
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Figure 1: Hourly average NO and 0 3 data for the period January 1 to June 11, 1994

In order to reveal any underlying influence on the pollutant concentration by winds, we examine the sample
cross-correlation (SCC) among the zonal component of local wind measurements and the seasonally adjusted
N02 and 0 3 time series (diurnal harmonics removed) both in January (Fig 2). Since winter in Hong Kong is
dominated by easterly wind component (2) (3), it is not surprising to find that there is significant positive
correlation at lag zero between zonal wind and N02 • Moreover, negative correlation between zonal wind and 0 3
at lag zero suggests that dominantly easterly wind component enhances local OJ level. This is in agreement with
suggestion that ozone has been continuously generated by photochemical processes in the ocean and bas been
imported from the ocean by easterly maritime airstreams (3). These findings, in tum, imply that the majority of
N02 is contributed locally and quickly titrated with the incoming OJ. Similar results of SCC between N02 and
0 3 are also found in February, March, and a period between late November and mid December (not shown). In
view of the symmetry of the peaks on both sides of the SCC plot, we will then attempt to devise a multiple time
series model for the January time series ofN02 and OJ.
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MULTIPLE TIME SERIES
A vector auto-regressive model of order p, denoted by VAR(p), of K-dimensional time series y1 takes the form:

where a and e, are the constant mean and the white-noise vectors of the process respectively. Usually, the
unknown parameters a, A1,j=1,... ,p, and e, can be calculated by the least squares method. Using these parameter
estimates, estimation of model outputs ~" and fitting error A, would become readily available. Thus from A, an
innovation covariance matrix ~e can be formed. Based on maximum likelihood (ML) of parametric estimators,
AIC is calculated for each model order p (9). Unfortunately, under some circumstances the AIC penalty does not
adequately reflect the over-parameterisation phenomenon. Thus subjective judgement is sometimes needed to
obtain a model plausible in physics and efficient in system. To check for randomness of individual fitted
residuals, the Jenkins-Watt 95% level (10) is applied to the auto-correlation function calculated from the
residuals. Choose the most probable model with the best combination of smaller AIC and lower order. Apart
from checking the coefficients of determination for each model, it is necessary to examine any cause-effect
relationship among the time series.
In general, suppose z 1 and x, represent two processes. Firstly, we may wonder whether x1.h at h-time earlier begins
to affect z1• We refer this causal relation as Granger causality (11). Suppose in a V AR(p) system, ai,j=l, ... ,p, are
parameters such that z, may depend on ar11• Then test statistic for this causality is characterised by the values of
a1. If any one of a1 is non-zero, then this causality exists and z1 depends on ar,1 for some j. On the other hand,
Granger non-causality implies that all a/s are zero. For the formality of characterisation and test statistic
regarding this causality, consult pp37-39 and Appendix C in Lutdepohl (9), respectively. Having considered
delay effects of one process on the other, we now turn to the case of mutual interaction between the two
processes. This causal relation is termed instantaneous causality (11). Test statistic for this causality is
characterised by the covariance of fitted residuals between the two processes. Thus instantaneous non-causality
holds if and only if the covariance is zero at all time. Note that this causality is synunetric since there is no time
delay from x 1 to z1 or vice versa.

=[6.4166]+[.6678
[ ~']
x,
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-.5449][~1-1 ]+[-.0243
x,_1

.8815

.4036 ][~1-2]
-.0771 -.0709 x,_2

+ [.2174 .03 331~1-3 ] + [· 03 91 .2099][~1-4]
.0123 .0071 x,_3
.0675 .0615 x,_4
+[-.1017
.0661

- . 1386][~/-S]+[ .1171
.1497

x,_5

.0278 ][~t-6]
- .0941 -.1271 x,_6

In view of the SCC between seasonally adjusted N02 and 0 3 for winter months, we assume that their variations
depend solely on their mutual interaction. Henceforth the prospective VAR(p) becomes two-dimensional. By
going through the model identification procedure, the calculated AIC values are plotted against the model orders
(Fig. 3). Although first local minimum occurs at p=4, p=6 is chosen to allow for longer time delay needed to
produce N03 (12). With this order specification, the estimated system becomes
Here, z1 and x 1 denote time series ofN02 and 0 3 , respectively. The coefficients of determination are Rz2 = .7657
and R/ = .7589 (not shown). Although a 11, 1 = .6676 and a 22 ,1 = .8815 indicate strong auto-regression within
individual time series, a 12,1 = -.5449 confirms titration between 0 3 and NO; typical time constant for N02
formation due to the titration is about one minute (13). Parameters a 12 ,2 = .4036, a12,4 = .2099, and a12,s = -.1386
are also non-negligible, showing delayed effect on N02 loss due to 0 3 (12). This decay time is four hours, which
is quite evident in the estimated model. Clearly, Granger-causality from 0 3 to N02 is profound, and the Wald
statistic (9) is A.w = 77.7809. Thus the corresponding F-statistic is A.F = 12.9635, compared to the critical value
F[.OSJ(6,704)=2.1114.
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Fig 3: AIC versus orders of VAR(6) on seasonally adjusted N02 and 0 3 in January 1994.

On the contrary, all the parameters a1u, i = 1,..,6 seem less significant in magnitude. Transfer from N02 to 0 3
involves two photochemical reactions: N02 photolysis and [0]-0 2 binding. Despite high reaction rates (12) (13),
the transfer is less evident probably because photo-dissociation ofN0 2 does not occur in the night. Nevertheless
the F -statistic for N02 causing 0 3 is t...F = 7.6785, which is still well above the critical 2.1114. Regarding the
instantaneous causality, the Wald statistic is A.w = 100.2839, compared to the critical value 21.051(1) = 3.84146.
From previous discussion, the total time required to complete the NOr03 cycle is about 10 minutes, which is
well within the one-hour resolution in the time series data. Diagnostic checking, however, shows some
drawbacks of the application. The Jenkins-Watt level only attains 80%, with the most prominent peaks occurring
at lag 24 for N02 (Fig. 4), despite the fact that all diurnal components and its associated harmonics are removed
prior to VAR modelling. Although the estimated VAR(6) model is stable, failure in the diagnostic procedure
reopens the question of linearity in the real time series.
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Figure 4: Autocorrelation function of the fitted residual of N02•

DISCUSSIONS
Except sununer, the district is subjected to easterly winds importing ozone from the ocean. In general, diurnal
variation in nitrogen oxides and ozone are inter-related and enhanced by excessive automobile emission. In view
of the inadequacy in the model identified here, it may be necessary to include other meteorological parameters in
order to improve it. Solar radiation, for instance, has an underlying trend resembling to that ofN02 in January,
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indicating that there is enough N02 concentration to be photolysed. The correlation, however, is less evident in
other months. So the model may vary from month to month, taking different combinations of all available
parameters. It also has long been known that [OH] radicals also play important role in 0 3 variation (12).
Unfortunately, its measurements are not available from EPD.
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TWO MODEL STUDIES OF SMOKE TRANSPORT FROM PRESCRIBED BURNS
ON THE URBAN OUTSKIRTS OF SYDNEY
Milton S. Speer 1 and Lance M. Leslie 2
1. Bureau of Meteorology, PO Box 413, Darlinghurst, NSW 1300 Australia
2. Centre for Environmental Modelling and Prediction, UNSW 2052 Australia

ABSTRACT
A mesoscale data assimilation and pollution transport prediction model has been applied over the Greater
Sydney region to two air pollution episodes resulting from fire hazard reduction burns during the period 11 to 14
April, 1997. The main conclusions from the results of this case study are that the capacity to assimilate real-time
data into the model allowed an accurate forecast depiction of the wind flow and hence the trajectory of the
smoke over inner Sydney; and, the long lead time wind forecasts later in the period, over the region southwest of
Sydney, would have provided excellent guidance for fire managers. The implications and possibility of real-time
implementation of the system are discussed.
INTRODUCTION
As stated by the World Meteorological Organisation (WMO}, bushfires "are essentially meteorological
phenomena", linked in a number of ways with the fuel supply. Weather sets the stage for bushfires and the
effects of these meteorological elements is dependent on the amount, type, physical disposition (moisture content
etc.) and exposure of the fuel. Every year brings the threat of bushfrres to Australia, and they have long been part
of the national experience. Of all natural hazards occurring in Australia, bushfires now are regarded as having
the potential to be the major natural cause of property damage and loss of life. Southeastern Australia is one of
the regions of the world most affected by bushfires. Over southeastern Australia, the threat is greatest in the
spring and summer months. To reduce fuel build-up prescribed burning is usually conducted in autumn in cool
weather and before higher fuel moisture content in winter. The impacts of smoke can create perceived health
problems and have been known to disrupt transport. For example, smoke which was transported from prescribed
bums in the forests over 100 km south of Perth, Western Australia closed Perth airport (1) owing to poor
visibility. When smoke combined with fog is blown over roads visibility can be reduced to near zero creating
very dangerous driving conditions (1). The question is: what is the best way to present a specialised weather
forecast to fire managers indicating where smoke is likely to go and how much detail in the forecast is required?
In this study two events of smoke pollution from prescribed bums near Sydney are investigated with a mesoscale
atmospheric prediction model developed by one of the authors (LML).
In the first event of the study period ( 11-14 April, 1997), smoke from a prescribed burn just north of Sydney was
blown over the metropolitan area to at least a height of 600 metres. Close to the surface, the northwesterly
morning land (katabatic) breezes effectively concentrated the smoke in the eastern part of the metropolitan area
on both April 12 and 13. The second event occurred within the last 12 hours of the study period, that is, between
9 pm 13 April and 9 am 14 April, when a synoptic scale wind shift from northeast through northwest to west
advected smoke and fog over a major highway to the southwest of Sydney reducing visibility to zero in parts and
coincided with a vehicle pile-up involving 25 vehicles. In this study we examine the model performance in
predicting the air trajectories that resulted in both pollution events. Implications from the results are discussed in
terms of how such results can be transformed into practice.
METHODS
Model Description
The University of New South Wales (UNSW) High Resolution model (HIRES) was developed by (2). It is a
state of the art hydrostatic model which uses the full set of dynamical equations. which govern atmospheric
motion, and employs physical parameterisation schemes for: deep and shallow convection, turbulence, boundary
layer, solar radiation, terrestrial radiation, ground water, evaporation, precipitation, etc. While HIRES is not
unique in solving these equations and in its various parameterisations, it is unique in the efficient and well
balanced way in which it does this to produce a fast, efficient and accurate result.
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The model is the core of the overall UNSW modelling system. The system involves a number of steps I
processes, including :
(1) extraction of the archived I real time analysis and the low resolution forecasts
(2) horizontal and vertical interpolation of the analysis I forecasts onto the three-dimensional model grid
(3) extraction of real time I climatological physical data such as : SSTs, soil moisture, albedo, topography
(4) feeding of these data into the model and producing the forecast
(5) one way self nesting of the model to produce high resolution forecasts
(6) post-process the model forecast to produce web I model products
(7) development of statistical correction schemes using archived model time series data (TSD) at the grid points
and at archived station data. These statistical corrections are then applied to produce forecasts for particular
stations of interest.

RESULTS
First event: 12 to 13 Apri11997

It was found that without the addition of observations of surface and low level real-time observations of wind
speed and direction near the bum that occurred early in the period, the model boundary conditions from the
coarse mesh influenced the forecast of wind speed and direction quickly after initialisation producing a trajectory
which was away from the Sydney metropolitan area instead of towards it. However, when the model was reinitialised with additional surface and low level observations in the vicinity of the fire using a data assimilation
methodology, there was a dramatic improvement in the wind forecasts. The forecast without extra data
assimilated indicated southeasterly winds over Sydney. The forecast winds resulting from extra data assimilation
were northerly over Sydney as indicated by the 24 hour forecast wind field shown in Figure 1. Performing
backward and forward trajectories on this model wind output indicated that low level air emanating from the
vicinity of the fire would have moved over the eastern part of the Sydney metropolitan area and stagnated there
as shown in Figure 2.

Fig. 1 Model 24 hour wind forecast (knots) for 9 pm 12 April, 1997 after assimilation of high resolution
data around Sydney additional to the operational data set. Note the fine detail in wlnd direction (NE to
NW) over Sydney, indicating that the model has captured the weak northerly wind drift from the
prescribed bum located about 60 km north of Sydney (near Gosford). The horizontal model r esolution is
5 km. The height above ground level is 10 metres.
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Second event:13 to 14 Apri11997
For the second event which occurred late in the period the model wind forecasts (between +48 and +52 hours)
accurately predicted a wind change that transported a combination of smoke and fog over a highway at about the
critical time when a multiple vehicle pile-up occurred in extremely poor visibility due to smoke and fog. Based
on backward trajectories from the highway accident and then forward trajectories, the air that passed over the
bum would have then passed over the accident site on the highway as indicated in Figure 3. In this case there
was no need for additional data to be included in the assimilation since the wind change was induced by a large
scale synoptic wind change moving across southeastern Australia and these large scale conditions were
successfully captured in the initialisation without extra data. In fact there was very little gain in the forecast
timing of the wind change between a model forecast run at 5 km horizontal resolution compared to one at 15 km.
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Fig. 3 Diagram showing modelled trajectory of air 10 metres above ground that passed over the burn
area, then the crash site on the Hume Highway and finally out to

sea.

DISCUSSION
In order to develop the capacity to assimilate real-time data into the model that was needed to accurately predict
the direction of the smoke in the first event, routine access to a high performance computer is needed. Also,
rapidly increasing computer power and developments in IT and T are expected to allow the development of
independent running of the model from operational control centres in the field as well as from a centralised
control headquarters. This will be achieved by either mobile phone or satellite downloading of data to small,
powerful workstations capable of running the NWP system. This would be a milestone in the prediction and
management of natural hazards such as fires because it will provide for the first time the capacity for predicting
highly localised weather with consequent very significant implications for the safety of the fire fighters and
knowledge of fire weather upon which fire managers can use to base their fire management strategies and
activities. It will also allow the computer display of smoke trajectory scenarios by fire managers before ignition
as shown by the examples in Figures 2and 3.
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URBAN AIR TEMPERATURE AND WIND FIELD IN TRIER CITY UNDER THE
INFLUENCE OF THE VALLEY OF THE MOSELLE RIVER
Alfred Helbig
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ABSTRACT
The centre of Trier is located in the SW I NE orientated valley of the Moselle river at a height of 140 m asl while
the adjacent high terraces are situated at heights between 260 m and 330 m asl. This topography causes a mean
wind field with prevailing wind directions from SW and NE. During synoptic situations with weak winds local
climatological effects modify the urban wind and air temperature field. On summer days with intensive global
radiation the diurnal variations of the ozone concentration within the city show a maximum in the afternoon and
very frequently a secondary maximum at midnight. In the centre the ozone concentration in the night is strongly
reduced by car emissions while in the rural area the ozone concentration remains at a high level. This secondary
maximum can only be caused by inflow of a ozone loaded airmass from surrounding areas via the side valleys
(e.g. Aveler Tal, Olewiger Tal) into the city. This maximum indicates the existence of a local wind system.
During weather situations with reduced mixing conditions these local air flows are very important for the
dispersion of air pollutants in the urban boundary layer as well as for the bioclimatic conditions (heat stress) in
the city. The characteristical patterns of the air temperature and wind field are demonstrated on the basis of
measurements in the city, in the Aveler Tal and on the high terraces for selected days. The nocturnal temporal
variations of air temperature and horizontal wind vector in the Aveler Tal are of special interest. Because of the
importance of these air flows for the urban climate of Trier, it is not recommended to change the land
development which could obstruct the flowpaths in the side valleys and slopes.

INTRODUCTION
Today air quality problems are of a main interest for urban climate research. Besides stress caused by cold and
heat discomfort, air pollution reduces the quality of living in urban areas.
Due to the increasing number of cars, vehicular emissions are rising and, during periods with strong global
radiation, cause summer smog with characteristic high ozone concentrations in the atmospheric boundary layer.
The dispersion of these emissions and their photochemical products in the street canyons and in the urban
boundary layer is controlled by micro - and mesoscale air flow and by thermal stability of the urban boundary
layer itself.
In the region of Trier the emission concentration and deposition rates are determined by two processes: the
vertical turbulent exchange and the wind field modified by the Moselle valley. The vertical turbulent exchange
depends on the thermal stratification that shows specific features in the Moselle valley due to its terrain structure,
especially during weather situations with temperature inversions.
The dispersion conditions are determined by the location of the city within the Moselle valley of which the
valley floor with a northeast orientation, is situated at a mean 160 m lower than the level of the high terraces.
Results are the orographically caused modification of the mesoscale wind field, earth surface radiation balance
as well as a consequence the air and ground temperature. Side valleys of the Moselle river, the structure of builtup areas and land use affect further changes to the spatial pattern of meteorological parameters in comparison
with a town location in flat terrain as well as with city surroundings.

METHODS
For the urban climate analysis the following data sets were used:
•
•

•

Meteorological observations from two weather stations (DWD) in the city and at the main terrace 120m
above the valley floor (Trier-Petrisberg ).
Meteorological and air quality observations from two stations of the Central Immission Monitoring
Network (ZIMEN) Trier-Weberbach and Trier-Ostallee ). For comparision the ozone measurements at the
rural station Leise! 40 km east of Trier were used.
In 1995 additional meteorological measurements at the points (Geocentre) and (Kockelsberg) at the main
terraces, in the Aveler Tal and at the TV-Tower at a height of 80 m above ground were installed.

635

•

In order to determine the spatial structure of the heat island and air pollution concentration measurements
involving moving platform along a route crossing the valley were carried out (Fig. 1).
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Figure 1: Moselle river and location ofthe meteorological and air quality networks

RESULTS
The differences between the monthly mean air temperature values at the ZIMEN station Weberbach in the centre
of Trier and at the rural station Petrisberg located on a main terrace show clearly the heat island. However, the
differences between Weberbach (urban) and Petrisberg (rural) in Tab. 1 have to be reduced by the amount of ca.
0.7 K in order to eliminate the temperature decrease as a result of a height difference of nearly 120 m between
both stations. Subsequently, the air temperature in the urban area is 0.7 K higher in February and 1.8 K in July
than in the surroundings as an effect of anthropogenic impact (Tab.l)

Table 1 Monthly mean air temperature (°C) in Trier Petrisberg (rural) and Trier-Weberbach (urban) in
the period 1987 - 1991 and differences (K) (after 1)

p

w
~T(W-P)

J
1.4
3.2
1.8

F
2.4
3.8
1.4

M
5.9
7.5
1.6

A
8.5
10.2
1.7

M
13.1
15.2
2.1

J
14.8
17.1
2.3

J
18.1
20.6
2.5

A
18.2
20.4
2.2

s
14.6
16.2
1.6

0
10.3
12.0
1.7

N
4.2
5.9
1.7

D
2.7
4.4
1.7

ear
9.5
11.4
1.9

The heat island of T rier shows a typical pattern: highest temperature diffe rences in the city centre and reduced
intens ity near and in the side valleys Aveler Tal and Olewiger Tal caused by cold air flow in them. For example,
duri ng the measurements with moving platform on 23rd July 1996 early in the morning the air temperature in
both valleys was near 9°C, in the centre of city it reached 15° C. In the period 6.5. - 20.5.1998 duri ng
anticyclonic weather conditions the air temperature and wind fie ld patterns espec ially in the Aveler Tal were
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studied. While the air temperature maxima have only small differences between urban, rural and side valley
stations, the minima differences are far greater.

Table 2 :Air temperature maxima (TX in °C} and minima (TN in °C} at four stations in the urban area of
Trier and daily mean of cloudiness (N in octa) in the period 6.5. - 20.5.1998
Petrisberg

Day
6
7
8
9
10
ll
12
13
14
15
16
17
18
19
20

N
7.3
5.3
4.7
4.3
0.7
0.7
3.3
2.7
0.3
1.0
0.7
2.7
1.3
0.7
2.0

TX
13.2
15.9
24.8
25.3
28.6
30.2
30.3
30.3
26.3
24.5
21.6
21.9
23.0
25.3
23.8

TN
8.7
10.0
6.0
13.5
10.6
13.8
13.5
13.7
13.8
11.3
10.8
8.3
8.8
9.3
10.6

Ostallee
TN
14.4 10.0
16.7 10.9
25.9
6.3
25.9 11.5
10.2
30.1
31.8 13.7
31.9 13.9
31.6 13.4
27.0 15.1
25.5
12.0
21.7 10.8
22.6
9.0
24.1
8.6
25.8
9.2
24.4 10.5

TX

Aveler Tal
TX
TN
8.4
12.5
15.0
9.3
24.8
1.9
25.0
8.0
28.8
5.7
31.0
9.3
9.2
31.0
29.8
9.3
25.8 13.6
24.6
8.9
20.8
5.5
21.3
5.4
4.7
22.7
24.8
4.6
23.3
5.7

Geozentrum
TX
TN
13.0
8.3
15.0
9.5
25.2
5.3
25.2. 14.7
29.2 10.0
30.6 14.2
30.2 13.3
29.9 13.6
25.2 13.7
24.1
11.9
20.3
11.4
21.0
9.2
22.1
8.7
24.0
8.8
22.4 10.2

The lowest values of temperature minima appear in the Aveler Tal during the flow of katabatic winds. They
bring nighttime cold air into the city and better the bioclimatic conditions in the city. The difference between
Ostallee and Aveler Tal rised up to 5.3 Kin 16 May 1998 (Tab. 2).
The mean wind distribution at the station Trier-Petrisberg demonstrates the mesoscale flow pattern above the
valley floor. The two dominant directions NE and SW are very close to the orientation of the valley caused by
the ridges in greater distances. If only measurements with the condition: wind force lower or equal 2 Bft and
cloudiness lower or equal 2 octa are used, the direction NE is dominant in the presence of anticyclonic situation
(Fig. 2).
25%
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Figure 2 •Wind direction in Petrisberg 1992 1998 Black: all cases. Grey: selected cases
(wind force I.e. 2 Bft, cloudiness I.e. 2 octa)

Figure 3. Wind directions in TrierWeberbach • Black: all cases. Grey: only
observations between 22 h and 4 h MET. 0608/1994. 05/1995
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Looking at the microscale air flow directions downtown in Trier-Weberbach (city centre) near the Olewiger Tal,
generally, the same pattern, but modified by nighttime local wind systems, can be found. For selected months in
spring and summer the frequency distributions of wind direction are similar with the occurrence of a maximum
in the interval 135° - 164° (black line). If are considered only nighttime observations (grey line), than the
secondary maximum in SE is strengthened. This is caused by the cold air outflow from the Olewiger Tal during
low gradient and low cloudy weather conditions (Fig. 3).
Wind direction and wind speed at 3m above ground in the Aveler Tal show in the period 6.-20.5.1998 periodic
variations due to the alternation of the katabatic wind (wind direction ca. 100°, parallel to valley line) and
afternoon of anabatic wind with directions between 220 - 230° along the SW oriented slope with higher air and
ground temperatures . The wind speed shows also a similar change with maximum afternoon and minimum short
before sunrise (Fig. 4). Both air flow patterns reveal a special importance during summer smog situations in
Trier.

...

..
...

I

...

...

'10.

...

...

i

l
... I

f
I
..

...
...

Figure 4. Wind direction and wind speed in A veler Tal during the period 6.5. - 20.5.1998

Due to the increase of car ·emissions (nitrous oxide. carbon monoxide. hydrocarbons)· an increase of ozone
concentration within and outside of Trier can be shown. A scatterplot of daily maxima of global radiation and
ozone concentration in Trier-Weberbach showed increasing concentrations of ozone with higher radiation fluxes .
Depending on the relation between the concentrations of NO. N02 • CO and hydrocarbons the ozone is produced
by photochemical reactions and reduced by chemical reaction.
'I)pically, on days with high solar radiation intensity, the ozone concentration shows a- strong diurnal variation.
At noon, the rate .of ozone ·formation is .greater than the reduction rate .in ·the city, resulting in the ozone
maximum. Only after ·sunset are the .reduction processes effective, and the urban ozone <COncentration reaches the
minimum value as :a result.
Outside cities the ozone concentration .increases due to the transport from urban areas and remains high :because
of very low (insufficient) concentration of the reducing NO. On the basis of measurements at the rural station
Leise1·40 km east from Trier day to day increases of the concentrations ·can be observed.
The consequence of this are typical differences in the mean urban und rural ozone emission concentrations. The
measurements of Central Emission Monitoring Network (ZIMEN) of the state Rheinland-Pfalz, in the years 1985
- 1994 result annual mean values .of ozone concentrations between 27 - 42 J.lg/m3 in urban areas, opposed 55 77 j.lg/m3 in forests (2).
The in clear night developing katabatic winds in the Olewiger Tal as well as in Aveler Tal produce a remarkable
change in the nocturnal variation of ozone concentration. Rural air masses with high ozone concentration flow
into the city and there produce the rughttime secondary maximum always in similar weather situations like in
August 1997 :and May l998 (Fig. 5 and 6)
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DISCUSSION:
Complex interactions between topography, urban structure, anthropogenic erruss10ns and meteorological
parameters control the air quality in Trier, and they all have to be considered in urban and traffic planning.
During weather situations with reduced mixing conditions these local air flows are very important for the
dispersion of air pollutants in the urban boundary layer as well as for the bioclimatic conditions (heat stress) in
the city.
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Figure 5: Diurnal variation of the ozone concentration at 1.8. - 15.8.1997 in Trier-Ostallee and Leisel
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Figure 6: Diurnal variation of the Ozone concentration at 6.5. -20.5.1998 in Trier-Ostallee and Leisel

Concerning the transport and spreading of air pollution ongmating from traffic, heating and industry the
mesoscale as well as the rnicroscale airflow pattern have to be taken into account.
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