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FOREWORD

In the planning of all kinds of human settlement the interaction with the atmospheric environment should be
taken into account. Recent developments in the applications of meteorology have shown very clearly, for example,
that for control of comfort and for energy conservation purposes, weather and climate information should be used
in designing buildings, in planning new towns and in modernizing old cities.
As part of its contribution to the UN Conference on Human Settlements (Habitat), which took place in
Vancouver in June 1976, the World Meteorological Organization agreed to prepare a background paper on the
impact of weather and climate on human settlements. The president of the WMO Technical Commission for Special
Applications of Meteorology and Climatology, Professor H. E. Landsberg, a well-known expert on the impact of
weather and climate on human life and activities, kindly undertook to prepare a report entitled Weather, climate and
human settlements, which was presented to the Conference.
In view of the clear overall picture of the subject contained in Professor Landsberg's paper, it was felt that it
merited publication in permanent form. It was accordingly decided to publish it in the WMO Series of Special
Environmental Reports.
It gives me great pleasure to place on record my gratitude to Professor Landsberg for his valuable assistance in
producing at very short notice this excellent report, which will, I am sure, be received with interest by both meteorologists and planners of human settlements.

D. A. Davies
Secretary -General

SUMMARY

All human settlements, whether individual dwellings, villages, or Cities, are in part weather dependent. Housing
has to be designed to protect against adverse weather while urban areas show a mutual interaction with the atmospheric
environment. The first task of shelter is the protection against adverse weather influences: wind, precipitation, heat
and cold. Only incorporation of readily available weather statistics into design values will prevent serious mistakes
and ensure the comfort and safety of occupants of housing. Proper use of building materials will minimize energy
consumption and reduce hazards.
Recreational and vacation spots are not immune to weather effects. Ski resorts need data on snow cover and
avalanche dangers. Water-sport centres require continued wind forecasts for both sailing enjoyment and protection
of small craft against dangerous gales.
Weather and climate playa major role in urban planning and in the development of new settlements. They should
be major factors in planning land use. Good agricultural land should not fall prey to urbanization. In the development
of towns, meteorological dangers should find due emphasis, especially as regards flood hazards. In this respect, the
increases of rapid runoff in excessive rainfalls because of change to impermeable surfaces in urban areas should be
duly considered.
The problem of air pollution looms large in towns and cities. The difficulties can be minimized by giving
adequate consideration to established values of air-pollution potential and to available information on local dispersal
properties of the atmosphere.
Urban complexes also develop temperature, humidity and wind circulations of their own. These can cause
undesirable temperature rises and affect pollution dispersal. Park areas and landscaping with trees can minimize
some of the adverse inadvertent weather modification which can be ascribed to urbanization.
The World Weather Watch, a combined effort of national Meteorological Services, under the aegis of the World
Meteorological Organization, is an effective means of warning against dangerous weather events. Satellite, upperair and surface observations are collected through a world-wide communication system, furnishing world, regional,
and local weather offices with the raw material for issuing warnings and forecasts for the protection of settlements.
The national Meteorological Service also furnishes weather information used for long-range planning.

Tous les etablissements humains, qu'il s'agisse d'habitations individuelles, de villages ou de villes, sont partiellement soumis aux aleas meteorologiques. Les habitations doivent etre conc;mes pour proteger leurs occupants contre
Ie mauvais temps, tandis que les zones urbaines sont Ie siege d'interactions avec I'atmosphere environnante. La
premiere tache de toute habitation est d'abriter ses occupants, c'est-a-dire de les soustraire aux influences nefastes
des conditions meteorologiques: vent, precipitations, chaleur et froid. Ce n' est que si l' on tient compte des statistiques meteorologiques disponibles au moment ou l'on etablit les projets de construction que l'on evitera de graves
erreurs et que ron assurera par Ia-meme Ie confort et la securite aux occupants des habitations projetees. Dne
utilisation judicieuse des materiaux de construction permettra de reduire au minimum la consommation d' energie
et de dirninuer les risques.
Les lieux de detente et de vacances subissent eux aussi les effets des conditions meteorologiques. Pour les
stations de ski, il est necessaire de disposer de donnees sur Ie manteau nival, ainsi que sur res dangers d'avalanche.
Les centres nautiques doivent recevoir continuellement des previsions du vent, tant pour permettre aux plaisanciers
de tirer Ie maximum d'agrement de leur navigation que pour assurer la protection des petites unites contre les coups
de vent dangereux.
En matiere d'urbanisme et, plus generalement, de developpement de nouveaux etablissements humains, les
conditions meteorologiques et Ie climat jouent un role capital. II en va de meme pour 1'amenagement du territoire.
Les bonnes terres agricoles ne doivent pas etre la proie de l'urbanisation. L' expansion des villes doit se faire sans
perdre de vue les dangers encourus sur Ie plan meteorologique, notamment les risques d'inondation. A cet egard, il
faut tenir compte du fait que dans les zones urbaines, en raison des surfaces irnmenses de terrain qui sont rendues
impermeables, Ie ruissellement peut augmenter de fa90n considerable apres des pluies diluviennes.
Les villes se trouvent confrontees au probleme de la pollution de I'air dont la gravite peut Sire minimisee si l'on
tient compte, de maniere appropriee, des valeurs admises en ce qui conceme les risques potentiels de pollution de
l'atmosphere, ainsi que des renseignements disponibles sur les possibilites,de dispersion de l'atmosphere du lieu.
Les complexes urbains peuvent eux-memes influer sur la temperature, l'humidite et la circulation de I'air. Ils
peuvent engendrer une elevation de la temperature et contrarier la dispersion des polluants. L'amenagement d'espaces
verts et la plantation d'arbres peuvent minimiser certaines des modifications inopinees des conditions meteorologiques
imputables a l'urbanisation.
La Veille meteorologique mondiale a laquelle oeuvrent conjointement les services meteorologiques nationaux,
groupes sous regide de I'Organisation meteorologique mondiale, constitue un moyen efficace d'avertissement des
conditions meteorologiques dangereuses. Les observations effectuees par satellite, ainsi que les observations en
altitude et en surface faites par les stations au sol, sont rassemblees grace it un systeme mondial de telecommunications
qui foumit aux centres mMeorologiques mondiaux, regionaux et locaux les donnees brutes qui leur sont necessaires
pour diffuser les avis et les previsions destines ala protection des etablissements humains. Les services meteorologiques
nationaux fournissent egalement des renseignements meteorologiques pour les besoins de la planification a long
terme.
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RESUMEN

Todos los asentamientos humanos, ya se trate de viviendas individuales, de aldeas 0 de urbes, dependen en
cierto modo del tiempo. Las viviendas deben concebirse de forma que aseguren una proteccion contra las condiciones
meteorologicas desfavorables, siendo as! que las zonas urbanas provo can una interaccion con el medio ambiente
atmosferico. La primera condicion de un refugio es asegurar una proteccion contra los elementos meteorologicos
adversos tales como el viento, las precipitaciones, el calor y el fdo. La unica forma de lograr tal proteccion consiste
en utilizar las estadlsticas meteorologicas disponibles en el momento de proyectar la construccion de viviendas, 10
que evitani errores graves y asegurara confort y seguridad a los ocupantes de las mismas. La utilizacion de materiales
de construccion adecuados reducira el consumo de energia y lirnitara los riesgos.
Los centros recreativos y de vacaciones tambien estan sujetos a los efectos de las intemperies. Las estaciones
de esqu! necesitan disponer de informacion relativa ala capa de nieve y as! mismo informacion sobre los riesgos de
avalancha. En los centros de deportes acuaticos es necesario disponer continuamente de pronosticos del viento,
tanto para las actividades recreativas de la navegacion de vela como para la proteccion de las pequefias embarcaciones
contra los riesgos de temporal.
El tiempo y el clima desempefian una funcion capital en la planificacion urbana y en la irnplantacion de nuevos
asentamientos. Por ello, son factores capitales que deb en tenerse muy en cuenta en las actividades de ordenacion
rural y urbana. Las buenas tierras agricolas no deberian ser objecto de codicia por parte de los urbanistas. Al proyectar la construccion de centros urbanos se deberian destacar como conviene los peligros meteorologicos, especialmente los relativos a los riesgos de inundaciones. A ese respecto, se deberia tener muy en cuenta el rapido aumento
de la escorrentia cuando se producen precipitaciones excesivas, ya que, en las zonas urbanas, las superficies se han
transformado en capas irnpermeables por efecto de la construccion.
El problema de la contaminacion del aire es cada dla mas agudo en las ciudades y urbes. Se pueden mitigar
sus efectos si se examinan, como conviene, los val ores observados del potencial de la contaminacion atmosferica y
la informacion disponible sobre las propiedades de dispersion de la atmosfera en la localidad que interesa.
Los complejos urbanos tambien dan lugar a modificaciones de la temperatura, de la humedad y de las circulaciones del viento que les son propias. Pueden originar aumentos intempestivos de la temperatura y afectar a las
propiedades de dispersion de la contaminacion. Los parques y jardines con arbolado Son susceptibles de mitigar algunos
de los efectos adversos e involuntarios de la modificacion del tiempo origin ados por las actividades urbanisticas.
La Vigilancia Meteorologia Mundial, que constituye una empresa comun de los servicios meteorologicos nacionales
bajo la egida de la Organizacion Meteorologica Mundial, es uno de los medios eficaces de prevencion y aviso contra los
riesgos inherentes a los fenomenos meteoro16gicos peligrosos. Merced a un sistema mundial de communicaciones, es
posible concentrar en determinados lugares observaciones de superficie, en altitud y procedentes de los satelltes, y
facilitar as! a los servicios meteoro16gicos mundiales, regionales y locales la informacion bruta que perrnite establecer
avisos y predicciones para la protecci6n de los asentamientos human os. El servicio meteoro16gico nacional tambien
facilita informaci6n meteoro16gica con miras a una planificaci6n a largo plazo.

INTRODUCTION

Next to clothing, shelter against atmospheric vagaries is one of the oldest technological inventions 0 f mankind.
No part of the world is safe from adverse or even dangerous weather events. The list is long and the threats to millions
of people and their dwellings compelling. Nowadays, floods, hurricanes (typhoons, cyclones), tornadoes, severe
thunderstorms and blizzards are no longer considered inevitable acts of an angry deity, but calculable and predictable risks that can and must be incorporated into planning for housing and settlements. Included in the functions
of the Meteorological Services' of the world are the issue of timely warnings against weather hazards and advice on
safety measures to be taken for appropriate building and housing construction.
But the protection of life and limb, while foremost in the tasks of Meteorological Services, is not the only way
in which help can be given in the planning of settlements. Weather and climate are all-pervasive. They control the
comfort of people as well as the efficiency of workers. Housing needs to be designed to optimize health and comfort
conditions indoors. Urban areas exercise their own effects on the atmosphere, some of them quite undesirable. These
have to be taken into account in planning new towns and in modernizing old cities. Energy needs for heating and
cooling are governed directly by the atmospheric environment which, in turn, may eventually furnish a substantial
proportion of the energy needed through use of solar radiation and wind power. Weather is similarly pervasive in
the pursuit of recreation. Outdoor sports such as skiing, sailing, camping and swimming are all affected.
It is instructive to look at the impressive variations the extremes of weather encompass: excessive heat and
cold, deluges of rain, winds of unbelievable violence (Chart 1 shows the global extremes of weather (after Riordan)).

CHAPTER 1

WEATHER DISASTERS

1.1

Hurricanes, typhoons, cyclones

Of all weather hazards, tropical storms, which in various parts of the world bear the different names indicated
in the title of this section, are the most destructive. They principally affect the coast lines of eastern Asia, Australia,
central and eastern North America and many islands in tropical and subtropical waters. The toll of deaths, unfortunately, is still high and averages annually in the thousands. In recent memory four examples stand out.
In November 1970 a Bay of Bengal cyclone struck the coastal area of Bangladesh (then East Pakistan) and
swept an estimated quarter million people to their death. In June 1972 hurricane "Agnes" moved from Yucatan to
the heart of Pennsylvania, accompanied by torrential rains. The death toll was 129 and 120 000 had to flee their
homes. Damages were about 3i thousand million (l09) dollars. In September 1974 hurricane "Fill" struck at
Honduras with a 50 cm rainfall, causing floods that killed about 5 000 persons. At the end of 1974 a devastating
tropical cyclone drove nearly half of the population of Darwin, Australia, from the town.
The list of such disasters over the ages is long; in earlier decades they were aggravated by inadequate, or complete
lack of, warnings.
The portions of the world that are particularly threatened are indicated in Chart 2, which shows the probability
of tropical storms striking near land areas. They include some of the most densely populated shorelines on Earth.
The annual occurrences are extremely variable - for example, in the last 45 years in the North Atlantic tropical
storm frequency has varied between three and 21 per year. Equally variable are the tracks followed by the storms.
For planning, it is essential to note that some coastal areas within the reach of tropical storms are not visited by even
one of these unwelcome visitors in years or even decades. This often leads to complacency about the danger, and land
is developed with inadequate safeguards. An historical example is the settlement of shore areas in New England. A
devastating hurricane of 1815 was just a dim memory when the area was disastrously struck in 1938. Some lessons
were learned, but inadequately, because in 1954 again much damage was inflicted in the same region by another
furious attack, even though loss of life was less because of better warnings.
Primary and secondary effects of tropical storms vie with each other in causing damage. The primary onslaught
is by the high winds near the centre of the tropical storm. In a full-fledged hurricane these exceed, by definition, 34
metres per second (120 km per hour). Peak gusts often exceed 67 metres per second (240 km per hour). Roofs and
windows cannot withstand these wind pressures, unless protected and anchored. Insufficiently stressed structures, such
as broadcast towers, frequently collapse in such wild gales. The other primary effect of tropical storms is torrential
rains. Storm totals of 5 to 20 cm of rain in one to three days are not uncommon and almost unimaginable extremes
are shown in Chart 1.
The rains have several consequences. They lead to landslides, with often disastrous results. They also cause
flash floods that inundate farm land, wash away houses and bridges, and disrupt communications and traffic.
Further, the rains percolating into the soil weaken the rooting systems of trees, so that the high winds can easily
topple them. Shallow-rooted trees are usually the first victims of tropical storms. The clouds that accompany the
fringes of severe tropical storms not infrequently spawn tornadoes that cause havoc in their own way.
However, the most menacing hurricane-created side effects are the storm surges, often erroneously called
storm "tides". These are created by the waves driven up the beaches from deep to shallow water along the shore.
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The high winds cause swells and waves in the deeper water. As these run up the shores they become formidable walls
of water. They can breach dikes and chains of dunes. They smash most human structures in their path, beach even
large vessels, and inundate the low-lying lands near the shore, often for several kilometres inland. Unless people are
evacuated from the endangered spots, mass drownings are the outcome. For planning purposes, estimates where
such storm surges may strike can guide land use and minimize later damages. At least 500 million people are presently
exposed to occasional strikes by damaging tropical storms.

1.2

Severe local storms

While tropical storms ordinarily have damaging diameters of 50 to 200 kilometres, severe local storms rarely
exceed five kilometres and usually are only one kilometre or less in their effective diameter. Most of the local storms
originate from the convective activity which causes tall clouds which can grow to heights of 20 kilometres. These tall
clouds are the sources of thunderstorms and tornadoes. Not all parts of the world are equally afflicted by thunderstorms. As Chart 3 (indicating the average annual number of days with thunderstorms) shows, some areas, e.g. the west
coast of South America, are completely free from this weather phenomenon, while in some parts of Indonesia they are
a nearly daily occurrence. All thunderstorms have electrical manifestations. Cloud-to-ground lightning is the principal
effect. It is in itself a minor killer (for example, in the United States of America 200 persons lose their lives annually
by lightning). Lightning is a major cause of forest fires and occasional house fires; the latter need not occur because
adequate protective devices exist. Damage to electric transmission lines is probably the most notable effect of
lightning. Many modern communities place their electric distribution system underground but lines from power
plants overland are still generally carried overhead. Estimates of frequency of lightning observed nocturnally from
satellites showed over land about 7 000 strokes per night. Day-time lightning is likely to be several times more
frequent.
Many of the tall, thunderstorm-spawning clouds are also the seat of hail formation. In areas where thunderstorms are infrequent, hail, if it accompanies a thunderstorm, is usually small in size and, although it may be damaging
to crops, it rarely affects structures. But there are a number of areas which are severely affected by hail (certain parts
ofW. Africa, India, the central U.S.A., the southern part of the U.S.S.R.) where hailstones reach a maximum of from
2.5 to 5 cm in diameter once a year, and once per decade grow into projectiles of 7.5 cm diameter that pelt down.
Obviously such large stones will ruin glass structures such as greenhouses, damage roofs and vehicles, and severely
affect livestock.
But the most devastating of all storms, the tornadoes, are also given birth by mammoth thunderclouds. It has
been estimated that for the whole Earth they reach about a 1 000 in number during the year. Most of them pack
winds in excess of 50 metres per second (180 km per hour). In the most destructive of them it has been estimated,
though never measured, that winds of 150 metres per second (540 km per hour) caused the devastation. By and large,
tornadoes have short tracks, commonly not exceeding 16 to 50 km in length; but a few have travelled as much as
500 km. Such long distances are more apt to be covered by families of tornadoes, associated with the same storm
system.
Collection of tornado reports is not entirely adequate but Chart 4, covering four years of observations, shows
the location of tornadoes in the period 1963-1966, (after Fujita). From this distribution and the damage caused one
can estimate an expected maximum wind speed from these storms in various parts of the world. This is shown in
Chart 5, indicating expected maximum wind speeds in the world (after Fujita). Again, the information is likely to
be inadequate in some regions. Yet it shows two features: certain coastal areas in East Asia and Eastern North
America show effects of tornadoes associated with tropical storms; these have already been mentioned. However,
the interior areas of North America, western and central Europe, southern and east Central Australia, and other
smaller sectors have notable tornadoes. Some densely populated areas are again affected. Hundreds of lives are lost
per year, thousands are injured, and property losses run into hundreds of millions of dollars annually.
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Much is known about structural damage caused by tornadoes. In structures built from reinforced concrete
even tornadic winds cause only minor damage, mostly broken windows. Steel-frame buildings suffer damage to
windows, roofs, and siding but do not collapse. Masonry buildings usually suffer major damage. Their bricks or
blocks are loosened and transformed into formidable missiles. Wooden-framed buildings often collapse, lose their
roofs and are lifted off their foundations. (For protective measures, see section 3.1.)
1.3

Major floods

Floods are rather ubiquitous. They affect all stream and river courses. In spite of attempts at regulation through
reservoirs, dams, and flood walls, exceptionally large amounts of runoff cannot be completely contained and still
cause floods. In such exceptional events coincident dam breaks can occaSionally vitiate all efforts of man to protect his life and works.
In the areas afflicted by tropical storms, floods usually occur as a consequence of the torrential rains accompanying these storms. Occasionally two or even three of these storms follow a similar track in short succession and
unload terrific amounts of rain on the same area. There are records of such events in the Philippines, Japan, China,
Bangladesh and the eastern United States.
Similarly, repetitive heavy rains, sometimes for days and even weeks on end, are noted in some years in
regions affected by summer monsoons. The classical areas for such conditions are in south-east Asia and India. In
the latter country these conditions start far upstream where the high mountain chains force the monsoonal air
currents to ascend and dump their water content.
Floods prevalent in temperate and high latitudes are also seasonal. These occur mostly in spring at the time of
snowmelt. They can generally be anticipated and estimated in magnitude from the accumulated snow cover. However,
in some years heavy falls of warm rain, with a deep melting snow cover on frozen ground, can lead to such intense
and rapid surface runoff that extraordinary flood crests develop in the river systems. These may overwhelm protective works and often lead to severe flooding and major damage.
Historically, river basins have been the site of agricultural development because of fertile soils, and of major
settlements because of the ease of transportation and communication. Many of the largest cities in the world are
riparian. In these settlements river flood plains have been more and more used for domiciles and industrial development. This may go along for decades without serious problems but then, some evil week, nature's vengeance may
wipe out much of such development. Settlement of flood plains on streams and rivers can, for new developments,
only be strongly discouraged. The existence of flood plains is the best evidence, even in the absence of long meteorological records, of possible major flood events.
In mountainous areas flash floods on smaller streams are a common occurrence. They develop not only in
response to snowmelt but as a consequence of almost any intense rainfall, such as is experienced from a deteriorating
tropical storm, a stalled frontal system or occlusion, or a thunderstorm-induced cloudburst. In contrast to the usually
timely and accurate flood predictions by hydrometeorological services for major river valleys, flash-flood forecasts
for such isolated mountain streams are often not available. Small settlements may thus become cut off and inundated
without warning. Recreational summer camps have suffered severe consequences. An aggravating condition in some
areas is denudation of slopes by indiscriminate lumbering or by forest fires. Increased rapid runoff is usually one of
the first consequences of such events.

1.4

Effects of urbanization on flash floods

Urbanized areas are a special case of altering the flood-protective devices provided by nature. Soil and vegetation are natural sponges for intercepting precipitation. Actively growing vegetation will, in fact, re-evaporate a major
portion of the fallen water into the atmosphere. The remainder seeps slowly through litter and humus into the
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deeper soil layers. Some of it is incorporated into the groundwater and only a relatively small fraction runs into the
river. The lag built into this system, except for the case of frozen soil, is considerable. It retards the surface and
underground runoff by 'days or even weeks.
In urbanized areas the situation is radically changed. Vegetation is stripped off and soils are compacted. Most
of the natural surface is replaced by a new surface of roofs, asphalt, stone, and concrete. These materials are deliberately non-absorptive and impermeable. They are designed to drain rain off as promptly as possible. Storm drains
and drainage ditches direct the water from major rainstorms on the shortest route to the nearest river. In many urban
areas more than 50 per cent of the surface is impermeable and often storm-drain systems are inadequate to hold
the runoff from cloudbursts. This makes streets, drainage ditches and tributary stream channels carry churning
freshets that inundate low-lying areas and flood basements.
Improved planning of urban areas can greatly reduce such incidents. Vegetated areas, such as parks, trees,
flowerbeds, judiciously spread through a town, and more adequate design of storm drainage systems should be
planned for (see also section 5.3).

1.5

Weather warnings

Loss of life and injuries from weather hazards have been greatly reduced in recent years by timely warnings.
These warnings have become possible by a common international system, the World Weather Watch. Over a century
of co-operation between the national Weather Services has led to this admirable development. First through the
Intenlational Meteorological Organization and now through the World Meteorological Organization, systems of
weather observations and weather communications have been planned and implemented under a unified scheme.
Data collected on land and sea from the upper air are communicated through a single world code into world
weather centres which are interconnected and, in turn, disseminate world-wide information to regional and national
centres for preparation of forecasts and dissemination of warnings. The centres for this system, connected by telecommunications, are shown in Chart 6. To these centres flow weather messages from thousands of observing stations.
The World Meteorological Centres Melbourne, Moscow, and Washington not only collect and disseminate basic data
but also produce generalized numerical projections of atmospheric flow patterns, produced by high-speed digital
computers. These projections give guidance to the local forecasters for the preparation of their local predictions,
which can pinpoint any dangerous developments more precisely in time and space.
Weather forecasters everywhere have been immensely strengthened by powerful observational tools that
permit recognition of severe storms and storm systems. Among these devices are weather satellites and weather radar.
The weather satellites are now so perfected that after only a few years of experience (since 1960) no major storm,
even if spawned in the vast empty areas of the oceans, can escape attention. They permit continuous tracking and
issuance of early advisories when these storms seem to be heading for coast lines; These weather satellites, whether
geostationary or orbiting, can yield what their scanning cameras see to surface receivers in any place on Earth. The
widespread distribution of such receivers over the globe indicates not only the recognized need for this information
but also the far-flung potential for protection of life through this network. (Chart 7 shows the 1975 distribution
of weather satellite data receiving stations.)
Pickets of weather~radar installations serve for detailed local warnings against hurricanes, tornadoes and other
severe storms. They can begin to track these adverse atmospheric manifestations within a radius of about 300 km and
plot their course. Usually eyes of hurricanes and spiral rain bands are clearly marked so that there is no doubt of
position and course. Severe thunderstorms and squall lines can be readily traced and tornado formation is often
indicated by a characteristic hook echo on the radar scopes. Although the short range of radar does not permit
projections and forecasts for more than a few hours, it can help in issuing warnings of immediately imminent
dangers.

WEATHER DISASTERS

The foregoing clearly indicates that the Meteorological Services are capable of coping with the problems of
forecasting damaging storms and are potentially able to protect new and old settlements from weather surprises.
Yet in many areas of the world, especially the developing regions, means for timely and quick dissemination of the
warnings are inadequate, protective shelters are lacking, and procedures for evacuation of people insufficient. There
is much yet to be implemented in this connexion.
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CHAPTER 2

CLIMATE AND ENERGY USE

2.1

Heating needs

Although mankind originated in the tropics the invention of clothing, fire, and shelter enabled gradual poleward
expansion of settlements. Discovery of the change of energy of coal, natural gas, and petroleum to heat, either directly
or via conversion to electricity, has made the heating of homes and buildings a reliable technology. It has essentially
permitted the settlement of the whole globe. Only the availability of energy derived from fossil fuels at reasonable
prices has made this possible. Settlements in cold regions can be maintained only where such fuels are available for
heating. As they become exhausted or too expensive, substitute sources of heat have to be found. In some areas
geothermal heat can be exploited. Atomic energy - with some as yet not fully assessed risks - can also serve. But
many eyes are now focused on the inexhaustible and non-polluting atmospheric sources. These will be dealt with
separately below.
Space heating is a necessity where average daily temperatures fall for appreciable periods of time below 18°C.
The heating, and consequently fuel, requirements are a linear function of accumulated values of mean daily temperatures below 18°C. This gives the heating degree value. Although other weather elements besides temperature - such
as solar radiation, cloud cover, and wind - also exercise an influence on heating needs, they cancel each other over
any appreciable interval of time - say, a month.
The rapid increase of cumulative degree-day values in latitudes above 35° is notable from Chart 8, which
depicts the world-wide distribution of heating degree-days. Although there are considerable swings from year to
year, the variability, as indicated by the standard deviation of a series of observed annual values, is least in the
coldest areas and greatest in the marginal zones along the regions where heating is needed only for short periods
in winter. This is shown in Figure 1, which presents the standard deviation, in per cent of total annual degree-day
number (based on United States data). In a developed industrial nation (the U.S.A.) the annual needs for domestic
space and water heating are about 2.15 x 10 16 watts (84 x 1011 BTU) for offices and 1.23 x 10 16 watts (48 x 1011
BTU) for shops, and are a little over one-half of the industrial energy consumption of 6.42 x 10 16 watts (250 x 1011
BTU).
Neady one thousand million people in other countries live under climatic conditions comparable to those of
the moderate- and higher-latitude locations in the United States of America. As their development and population
expansion approaches that of the U.S.A., energy needs for heating of homes and work places will also approach
those given above.

2.2

Cooling needs

Even though man, as already stated, is a creature originating in warm climates, there are definite upper temperature limits to survival. High atmospheric moisture content will lower this limit because it prohibits the cooling
by the evaporation of perspiration from the skin. Efficiency radically deteriorates in high temperatures and industrial
hygiene laws often restrict working hours in hot environments. Climate obviously governs such conditions. This and
the general desire for comfort has led in many regions to the installation of cooling devices, including refrigerators
for the preservation of foods. Air conditioning also is gradually spreading, usually starting with hospitals, where such
cooling can help greatly in the healing process. In addition, it is highly beneficial in schools and buildings of mass
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assemblies, such as theatres, and finally in apartment houses and individual dwellings. Degree-days above a given
threshold, such as 18°C, are again a good measure of the energy required for cooling. The estimate of annual
energy use for cooling purposes of residences and of offices and shops in the United States of America is currently
about 2.9 x 10 16 watts (11.9 x lOll BTU) for the former and 4.6 x 10 16 watts (17.83 x lOll BTU) for the latter.
Tliis is roughly four per cent of the total energy used in the U.S.A. This type of climatization, even though it has
been occaSionally designated as luxury, is readily compensated by the savings in food spoilage, improved efficiency
of workers, and protection of the health of the very young and the very old fraction of the population. The latter
two groups have undeveloped or impaired heat-regulation mechanisms, respectively. Living and comfort conditions
in vast areas of the globe could be vastly improved if the power demands could be met. An assessment of global
cooling degree-days shows that areally about one-half of the land surface of the Earth, with 1.5 thousand million
inhabitants, requires some cooling in dwellings and work places to afford an optimum environment.

2.3

Solar energy

The needs for space heating and cooling forcibly bring the energy needs to the fore. Fossil fuel resources are
limited; their burning inevitably causes air pollution, if only an increase of atmospheric carbon dioxide. Their combustion also leads to heat rejection into the atmosphere-ocean system. Although global effects of such added pollution
and heat are likely to be small for a few decades to come, the local and regional effects are not trivial. Hence the
search for alternative energy sources is well warranted on meteorological grounds alone.
It is only natural to investigate the feasibility of turning to the inexhaustible, pollution-free, natural sources
of energy. In the forefront of these is the life-sustaining radiation received by the Earth from the sun. This energy, as
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received at the surface of the Earth, is indeed stupendous. Chart 9 shows the average amount of solar energy, in kg
cal per cm 2 per year (1 kg cal min- 1 = 69.7 watts = 3.97 BTU), received at the Earth's surface. The areas with the
highest income of energy from the sun are the deserts of subtropical latitudes. These are notoriously sparsely
populated. Elsewhere the solar radiation is intermittent and disrupted by cloudiness. In polar regions we have, in
addition, the seasonal and elsewhere the diurnal change between dark and light hours.
The periodic or aperiodic interruption of sunshine makes this source of energy rather difficult to incorporate
into power systems. Even though the sun has heated domestic water supplies for years through suitable roof-tanks
or greenhouses in sun-rich areas, such direct conversion of solar radiation is not suitable for large-scale power production. More complex home heating systems, with use of heat-storage beds for the sunless periods, are already
available. Yet, while the fuel is free, the cost of such installations is high. In the longer run, it seems likely that
direct conversion of the incident solar radiation to electricity by photovoltaic cells will become a major contender
in the field. Great strides have been made to supply power for spacecraft and space stations through these devices.
Solar electric conversion panels are costly but the current generated can be directly fed into a net or stored in batteries. It can be anticipated that this technology will develop rapidly.

2.4

Wind energy

The other once popular, but now neglected, atmospheric energy resource is the wind. The windmill, once a
substantial link in the food-processing chain, is now mostly a picturesque tourist attraction rather than a power
source. The sailing ship that for centuries furnished the only ocean transportation still has speedy descendants for
a great racing sport.
However, in the past 30 years, experimentation has not ceased to harness wind power, first on the mountains
of New England and then in Denmark. In both of these areas strong winds of relatively high reliability made them
meteorologically attractive. These installations were propeller-driven generators on towers. They, again, were too
expensive to be competitive in a market where fossil fuels were cheap.
Available meteorological information clearly indicates that, close to the surface, wind speed is a very fickle
element, alternating frequently from near calm to strong, gust pulses. This is hard to manage in generating systems
of electricity. Meteorological observations clearly show that variability of wind speed decreases rapidly with height
while average speed increases. Wind-power installations therefore have to be elevated. Even a 100-metre high tower
rarely experiences the nocturnal calms that are so common near the ground. Even then, some areas of notoriously
low wind speeds are not suitable for wind-power installations.
The standard height of measuring winds is ten metres above the ground. As a crude first approximation one can
estimate that the wind energy available at 100 metres is about twice as high as that at ten metres. Chart 10 shows
average estimated 100 m wind speeds, converted to energy measure. Obviously there is a very wide range of wind
conditions. Generally, coastal areas are favoured by high wind speeds but mountain-protected inland regions score
low. Areas where frequent meteorological changes take place or where major planetary winds, such as the trades,
prevail are potentially quite favourable for wind power. New propeller designs have improved the power yield and
a promising vertical -axis wind turbine has been tested. The latter has the great advantages that it need not be directed
into the wind and that the generator can be at the surface. For small communities and isolated settlements the
future potential of wind-power installation is considerable.

CHAPTER 3

CLIMATE AND BUILDING CONSTRUCTION

3.1

General

The meteorological environment has to be taken into account to achieve safe and adequate design of dwellings
and other buildings. The most important factors are temperature, wind and precipitation conditions.
3.1.1 Walls and roof

The outer shell of the house has to bear the brunt of the weather. Perhaps its first function is to keep precipitation out but, more than that, it prevents penetration of moisture to the inside when strong winds drive heavy rains
against the walls. This requires suitable combinations of building materials (wood, brick, stone, metal, glass, plastics).
In snowy regions roof design is a particular art. The roof should shed as much snow as possible but it still has to have
the bearing strength to stand up to the maximal snow load of the region. In this connexion, one should be aware that
the maximal snow depth on the ground cannot be used as a safe upper limit of roof load because a snow layer on a
roof can absorb several times its own weight in form of water from late season rain. This can lead to the collapse of
inadequately designed roofs.
Wind loads on buildings and structures can be estimated from meteorological records. To give a broad general
estimate, one can expect wind speeds of 25 m sec- 1 about once per year and 50 m sec- 1 about once in twenty years
in coastal zones. Inland, the corresponding figures are 20 m sec- 1 once a year and 30 m sec- 1 once in twenty years.
There are some areas in the lee of mountains where aerodynamic forces can bring about damaging down-slope winds
of strengths comparable to those experienced near the coasts.
Wind statistics are usuaily available as wind speeds averaged over a short time interval, say five to ten minutes.
From maximum values noted over the years one can estimate the maximum wind gust to be expected in a strong
wind. These gusts have to be considered for their impact on structures, especially tall buildings and towers. The
approximate relation is shown in Figure 2.
In tornado-prone areas special precautions have to be taken. Roofs have to be properly anchored and so
designed that the collapse of high structures in the neighbourhood, such as chimneys, does not cause penetration.
The high wind pressure against walls, windows and doors usually causes the greatest amount of damage. Reduction
of glass surfaces has been proposed because these are the first to go and are often smashed by the inevitable debris
flying around in high winds. Wall construction with better supports and reinforcements may be required. The
explosive force of a pressure difference between the inside of the building and the low pressures of the passing
tornado can also cause collapse but can be counteracted by venting. It has been suggested that in the endangered
areas the venting should be at least one per cent of the floor area of the house area, i.e., for a house of 1 200 m 2
there should be 12 m 2 of venting. Buildings with free-span roofs arc particularly endangered because the lift
forces of the wind and the interior overpressure may lift the whole roof off. Traditionally, homes in the areas
under tornadic threat have had storm cellars as refuges. Public buildings, especially schools, usually have tornado
shelters in the basement or in the interior under short-spanned roofs, away from all windows and doors.
Roofs and walls are also of great importance with respect to the heat exchange between the house or building
or its environment. Some of this will fall under the heading insulation (see paragraph 3.1.2). But here our concern is
with the radiation-absorbing qualities of the outer surfaces. If they are dark they will readily absorb solar radiation,

14

WEATHER, CLIMATE AND HUMAN SETTLEMENTS

100
90
80
70
Tu

60

QJ

'"E
I

50

fen
40

::>

C)

~
1.i.J 30
a...
~

Q.

>

20
10
0
0

10

20

30

40

50

60

7'0

VIO ' FASTEST 10-MIN WIND (m-sec- I)
Figure 2 - Approximate relation of fastest ten-minute wind speed to peak gust (m s-1)

warm up, and transmit heat to the inside. If walls and roofs are white on the outside they reflect much of the
incoming energy and the building material does not heat up excessively. This immediately suggests that these outer
surfaces in sunny, warm climates should be light. In cold climates dark surfaces are advantageous. The problems
arise in climates where winters are cold and summers warm but on balance it appears better to plan for summer
protection when the sun is high above the horizon and its radiation intense. In winter clouds often prevail and
little energy is available from the low-standing sun.
Special problems are offered by the glass surfaces of windows. They reflect little radiation, although specially
treated glass transmitting less energy than ordinary glass is now available. All radiation that gets through the glass
is trapped as heat inside. The glass is completely opaque to the heat radiation from the interior. Thus glass surfaces
can, to a limited extent, aid in cold regions in transferring solar energy to the inside. But in warm, sunny seasons
and climates glass surfaces add a large cooling burden. Outside reflecting shutters or shading devices have to be
provided to avoid excessive heating inside and the overloading of climatization devices.

3.1.2 Insulation
An important function of the outer shell of housing is the damping of outdoor weather fluctuations. In former
times this was accomplished by thick walls. At present the same aim is pursued by insulation and air spaces. Material
of high heat capacity and low heat conductivity best fulfils the needs imposed in many climates by variations in radiation
and air temperature outdoors necessitating alternating heating and cooling indoors. Many materials used in structures,
such as stone, concrete, and ordinary bricks, have relatively high heat conductivity and low-bulk heat capacity. Metal,
often used for roof construction, is particularly poor in this respect. It will, for example, heat up to an extraordinary
degree under the influence of direct insolation. All these materials require inside covering with materials imparting
thermal inertia. Among these are wood, mineral fibres (rock wool) and polystyrene. Air spaces between the outer
structural material with insulation attached and interior plaster board or panelling provides an effective heat transfer
barrier. This type of construction provides for conservation of heating fuel and reduction of cooling needs.
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The roof construction needs the greatest attention as regards insulation. In sunny climates, especially those
where summers are hot, most roofs are heat collectors and attic spaces, if present, can have temperatures up to SO°C.
Without adequate insulation this unwanted heat diffuses to the living spaces below, causing discomfort, and may make
artificial cooling necessary. Heavy layers of insulation, preferably with a reflecting aluminium cladding, are needed to
avoid this extra thermal load.
Windows interrupting the outer wall surfaces offer special independent problems. We have already referred to
the need for shading to avoid excessive absorption of radiation (see Chapter 2, paragraph 2.2). In warm sunny climates
excessive outside fenestration and skylights have to be avoided. Considerable attention has also to be paid to orientation
of windows. In many areas windows directed toward a shaded inside court (patio) have a time-tested advantage.
Windows also offer special problems in cold climates. Apart from shuttedng used at night, storm windows offer
substantial insulating qualities because of the low conductivity of the dead air space between the two glass surfaces.
This insulation can be enhanced by double panes with a vacuum between them. Such windows, while effective, are
unfortunately, quite expensive. On the inside the use of curtains and drapes also adds to the insulation. Obviously,
air leakage, often found around poorly fitted window frames, has to be avoided or corrected.

3.1.3 Ventilation
In hot climates ventilation can reduce the heat load on the inhabitants and increase comfort. This can, of
course, be provided by fans, which bring about air motion artificially. But natural ventilation is often the only available
resource for causing some cooling sensation. With efficient ventilation, air temperatures of 29 to 32°C are quite
comfortable, but above that, especially with high relative humidities, some artificial cooling is essential. In desert
areas natural ventilation frequently has to be interrupted because of blowing sand and dust. Nocturnally natural
ventilation can often cool houses efficiently. A rule of thumb indicates that, if cross-ventilation is provided, the
air flow through the house is about 30 per cent of the outside wind speed. Without cross-ventilation, i.e. in rooms
with single windows and closed doors, wind flow will be less than ten per cent of the external wind speed. This
manifests the importance of cross-ventilation. The fact that wind speeds at night are invariably lower than in daytime further emphasizes the necessity for cross-ventilation. Sometimes more satisfactory results can be achieved
by placing apertures at various heights in the walls which, when opened, will enhance circulation.
After cooling at night through ventilation it is often possible, in suitably insulated and shuttered houses, to
preserve the cool night air indoors for a while by closing all openings after sunrise. Comfort for nocturnal rest can,
in warm climates, also be provided by sleeping porches. Full advantage should be taken in coastal areas of the day-time
sea or lake breezes for ventilation and cooling. This requires close attention to the orientation of houses and openings,
as well as city block arrangements. Mountain breezes that nocturnally flow downhill, bringing cool air, may offer
ventilation opportunities in some regions.

CHAPTER 4

AIR POLLUTION

4.1

Sources, transformations, sinks

Almost all human activities cause some air pollution. Settlements are nearly always prolific sources of air
pollution. The origin may be stationary point sources, such as smoke stacks of mills, factories, refineries and power
plants, domestic furnaces and incinerators. Mobile sources include primarily motor vehicles, steam trains, aircraft,
and ships. They bring a veritable plethora of substances into the air, many of which undergo chemical transformations in their life history in the atmosphere.
It should, however, not be overlooked that possibly half of all man-caused air pollution is the result of agricultural activities. These result in soil blowing, and contamination from suspended fertilizers and pest-control substances.
There are also some exhaust products of farm machinery and an enormous amount of suspension from the slash-andburn agricultural practices in some regions.

Atmospheric processes alter, disperse, and eliminate these pollutants. Some of them are oxidized, some
hydrated, and some undergo photochemical reactions. In the latter process irradiation by certain wavelengths in the
sunlight acting on exhaust gases, especially oxides of nitrogen and hydrocarbons, can lead to formation of ozone
and other irritating compounds. These also promote the formation of "smog", which - although most notorious
from the experience of Los Angeles, California - is notable in many other urban areas of the world. Avoidance and
remedial action require great attention to the meteorological setting of planned or existing communities (see
paragraph 4.2).
Horizontal and vertical motions of the air move and dilute the polluted urban and industrial atmospheres. In
this transport process many particles fall out or are intercepted by shrubs and trees. This has led to the planting of
shelterbelts along major traffic arteries to reduce the pollutants from exhausts. Such barriers also have noise-reducing
properties but for both tasks they have to be sufficiently high, wide, and dense. Single hedges help little and protective strips of at least ten metres height and 100 metres width with low permeability should be foreseen.
By far the most effective eliminator of air pollutants is precipitation. Aerosols are incorporated into cloud
droplets, falling out with them, or the raindrops intercept and wash out impurities.

4.2

Endangered areas

The wind disperses and dilutes air pollutants quite effectively but there are many localities where wind is
permanently or temporarily weak. Many of these are located in the high-pressure belts of the subtropical zones.
Others lie in mountain troughs and valleys where air often stagnates. Such stagnation is accompanied usually by
low-level temperature inversions, in which cold, heavy air hugs the ground, with warmer air aloft. The cold air is
not easily lifted off and pollutants accumulate. They cannot move readily through the boundary between the cold
and the warmer air, which acts as an effective lid. Such conditions are quite common at night but are usually
replaced by warming of the layer of air near the surface by the sun's radiation. But in winter, in mountain
valleys, high fogs form at the inversion boundaty and the stagnant conditions may persist all day. In sub-polar
and polar latitudes this can continue for days on end and will be noted even in shallow terrain depressions.
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In summer and in subtropical latitudes, especially inland, stagnation is common but inversions are usually at
higher levels, thus permitting mixing of pollutants through a greater depth. But in these regions photochemical action
on the pollutants is common. Using weather statistics on wind motions, inversions and sunshine conditions one can
estimate the atmospheric air-pollution potential. Chart 11 indicates the climatological air-pollution potential over
the globe. It shows the principal distribution of the areas poorly endowed with dispersal properties of the air for pollutants. Their climate has frequent episodes of limited dispersion, which may last three days or longer. These intervals
have low-level inversions and wind speeds of generally less than 4 m S-1. In many areas, terrain plays a major role.
ConSidering air as an essential natural resource, there are already communities that have strained their air resources
to the limit. Further expansion of these metropolitan areas could lead to further serious deterioration of air quality,
unless the most stringent controls on emissions are instituted. New settlements, as regards both location and size, must
be planned with the full incorporation of meteorological information on limitations to local dispersal of air pollutants.

4.3

Rainwater contamination

Air motions distribute pollutants far and wide through the atmosphere. Although they dilute the pollutants
rapidly with distance from the point of origin and render them relatively harmless from a hygienic point of view,
they may nonetheless affect areas and settlements far downwind. This influence is exercised through the washout by
rain which may take place hundreds of kilometres away from the sources of the pollutants.
Among man-made substances that have been identified as potentially damaging are sulphur dioxide and oxides
of nitrogen. Some of these become incorporated into cloud and rain drops as sulphuric and nitric acids. If acidic rain
continues over an appreciable period of time, it will acidify the soil and affect the plant or crop association that will
grow. It can also, through runoff, affect aquatic life in inland water bodies.
Washed out, too, are many trace substances, especially metals. Some of these, such as lead, have been identified
in increasing quantity in recent years in the precipitation forming arctic ice. Elsewhere they can enter the water supplies
and food chain. Thus settlements downwind and their inhabitants can be affected by air pollutants from far-away
industries and cities. International boundaries are non-existent for the drifting contaminants.

CHAPTER 5

CLIMATE AND LAND USE

5.1

Farm or town?

There are only limited land resources available on Earth. Much land is essentially unsuitable for human habitation and use. Vast areas are desert; almost nothing will grow there and the absence of reliable water sources makes
them uninhabitable. Rugged mountain terrain has other limitations and, while inhabited by small groups of people,
there is generally no arable land.
Most of the important food crops on Earth have closely circumscribed climatic limits in which they can be
optimally grown. They have specific requirements for water and a minimum period in which they can ripen. That
period between the last freeze in spring and the first in autumn, the so-called growing season, sets the poleward limit
of agriculture. There is only a limited amount of land suitable for crop production and grazing on the continents.
Only relatively small additional acreage can be brought into production without inviting ecological disasters. The
logical consequence is that, with increasing needs for food in the world, planners will have to protect the
available arable land against conflicting use claims.
Already some excellent farm land has succumbed to the encroachment of urbanization. Soil paved over with
concrete and asphalt does not yield wheat, corn, rice or vegetables. In areas where severe flooding is relatively rare,
low river land that should not be used for construction can well be assigned for farm lands. It seems inevitable that,
unless land unsuitable for farming is available, much future urbanization will necessitate tall construction capable
of housing a maximum of persons and their activities on a minimum amount ofland.

5.2

Water supplies

Water used by human beings for agriculture and for industries is on the rise. In developed countries it has
been estimated that the per capita use of water for all purposes is 750 litres per year. The greatest consumption of
water is for agricultural irrigation. It is an essential technology for optimal crop production. Personal hygiene,
sanitation, and food preparation require substantial, reliable water supplies for urban areas. Similarly, to keep power
and industrial production going, prodigious amounts of water are needed.
All this water must be supplied from the sky. Only the continuous replenishment of the water reservoirs,
artificial or natural, can maintain the supplies essential for survival. In some areas there is active mining of groundwater. Some of these areas are located in climates where this consumption is not balanced by an equal amount of
precipitation, a practice that will eventually lead to exhaustion of the supply. There are enormous amounts of water
locked in the ice masses. Most of these are in the polar regions and no practical means are as yet in sight to use
these natural reservoirs. Runofffrom glaciers in the mountains of moderate latitude is, of course, essential to the
water budgets of many communities.
The income of water from precipitation depends on the weather conditions of a given year or season. We are
dealing here with probably the most fickle of all weather elements, varying from cloudburst to drought. The
reliability of rain and snowfall depends greatly on the climate. In some regions with moderate marine climates, yearto-year variations in amounts are fairly small. However, in semi-arid and monsoon areas the swings from one year
to the next can be extraordinarily wide. Chart 12, showing the per cent variability of annual rainfall with respect
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to average, demonstrates this clearly. In most regions it is axiomatic that the sections receiving the least average
rainfall have the highest variability. They have the highest risk to their water supplies. But it is equally important to
remember that there is no region which does not occasionally have a drought or periods of excessive rain. The
average available water supplies are most pointedly shown on a world runoff chart (Chart 13).
The logical, and extremely important, consequence for the planner is that he will have to prepare for adequate
water storage in reservoirs. In areas with high evaporation these have to be underground to avoid excessive losses. In
communities near the ocean, where cheap power is available, distillation of sea water can tide over a temporary water
shortage, but requires a cheap energy source.
Urban areas will increasingly compete with agricultural irrigation for water supplies. In the early 1970s some
1.5 x 10 9 hectares were irrigated. This is about 14 per cent of the agricultural land. The major areas are in the U.S.S.R.
(233 x 10 6 hectares), the U.S.A. (193 x 10 6 hectares), India (165 x 10 6 hectares), and the People's Republic of
China (111 x 10 6 hectares). In terms of per cent, irrigated farm land ranges from 100 per cent in Egypt to three per
cent in Australia. Expansion of crop yields and requirements of new varieties call for more and more irrigation.

5.3

Urban planning

Meteorological conditions should be incorporated into urban planning. This applies to both new development and redevelopment. The problem of building on flood plains has already been mentioned. At present, expensive
flood-protection works are often resorted to but it may be more economical gradually to withdraw such land from
urban development and devote it to other uses, such as agriculture and recreation.
Drainage systems in urban areas have to be designed to permit excessive rainfall to run off without causing
damage. Good engineering practice now suggests that these systems be designed for the once-in-a-hundred-year storm.
Statistical analyses, combined with synoptic considerations, enable an expected maximum rainfall for such an
interval to be obtained. In order to regulate the runoff to avoid sudden rises in river flow, holding reservoirs may be
needed and should be planned for. This impounded water can be aerated to supply the oxygen demand of aquatic
life and may be used for increasing the river flow during dry periods.
Water-supply problems have to be anticipated and in certain areas purification and recirculation, especially of
water not destined for human consumption, are required.
Air pollution is more difficult to deal with than water problems. But even here proper planning can reduce
potential damage from the emissions of major stationary sources. These are apt to be factories, refineries, and
power stations. Present zoning systems often confine them in massed form in separate sectors of the urban area,
generally downwind, using the so-called prevailing wind direction. The latter concept is a poor use of meteorological information indeed. The planning should proceed with the wind directions that are associated with meteorological stagnation conditions (see Chapter 4). The light winds that permit accumulation of pollutants rarely coincide
with the "prevailing" wind directions. Further, in many instances, agglomerations of polluting sources in a small
area may not only aggravate undesirably higll concentrations of toxic substances in the air of some nearby urban
sections but also inadvertently modify local precipitation patterns (see Chapter 7, paragraph 7.1.4). Rubbish disposal
by incineration should particularly be avoided to keep air pollution within bounds.
Planning of urban transport systems can also have a profound influence on air-pollution levels. Wherever
large numbers of people have to be moved periodically into congested areas, non-polluting electric transportation
should be provided. The uncontrollable emissions and movements of individual automobiles with internal combustion engines must be avoided. Through-traffic arteries have to be planned so that vehicles can move rapidly and
smoothly, a mode that will minimize undesirable effluents.
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In areas where snow is a common weather element, provision for rapid removal has to be made. One method
is the use of waste heat to melt snow from pavements and roadways. Provision for heating is particularly important
at dangerous intersections and on bridges and overpasses. Pavements can also be protected by colonnades.
Finally, building codes in cities have to be formulated in the light of meteorological needs to promote
comfort and safety of the inhabitants.

5.4

Urban micro climates

Into the broader-scale meso climate of an urban area are tucked a large number of microclimates. In fact, man's
works destroy many natural rnicroclimates and create new ones in their stead. Topography, vegetation, structures
and exposure all playa role in determining the microclimate.
In rolling or mountainous terrain, topography is the governing factor. It may well decide the allocation ofland
for various uses. Among the facts to be considered are the temperature inversions that form in the lowest terrain. They
cause "frost holes", affecting agriculture, but are also traps for pollution and the poorest localities for pollutant
sources. Ridges have the highest wind velocities, a desirable feature for smoke stacks but less pleasant for dwellings.
Slopes facing the Equator have maximum exposure to sun, which is good for reducing heat needs in cold regions; in
hot, extratropical areas, however, the poleward-facing slopes may have an advantage. Actually, mid-slope locations (often
referred to as the "thermal belt") usually have warmer temperatures, especially at night, because they lie above the
valley inversions. They have long been favourite exposures for orchards and vineyards.

Man's removal of vegetation destroys many desirable microclimates. This process promotes extremes in daily
maximum and minimum temperatures. The process is reversible in urban areas to a limited degree by replanting
shade trees, which are a great asset from a climatic point of view.
Another operation that affects microclimates is the building of dam structures such as are often used for
railway embankments. These impede the air flow and often create cold air "lakes". Solid fronts of buildings can
have the same effects. Both they and dams inhibit free air circulation.
Depending on street width and building heights, incidence of solar radiation is regulated. In cold climates,
lower floors in narrow streets may never get a ray of sunshine. Similarly, courts in tall apartment developments
are often devoid of sun - a sad situation, if they are to serve as play areas. On the other hand, in areas with
abundant sunshine, such as deserts, the mutual shading of houses is a time-honoured practice aiming at creating
a more tolerable microclimate both in the streets and indoors.
A fair amount of microclimatic manipulation can be practised by planting around houses. Deciduous vines
can protect walls from excessive radiation. Shrubbery can act as a snow fence and pollutant screen.

CHAPTER 6

CLIMATE AND RECREATION

6.1

Water sports

Enjoyment and safety of all water sports are closely tied to weather conditions. The annual march of temperature, sunshine, and wind conditions determines the seasons in which the generally vigorous outdoor water sports
can flourish. Water temperatures govern the possibility and enjoyment of swimming. Although quick dips can be
taken at all temperatures above freezing by healthy, hardened enthusiasts, water temperatures for the casual swimmer
enjoying an outing on the beach should exceed 1SoC. At lower temperatures cramps and severe strain on the cardiovascular system can occur.
When surf and waves under wind action run high, both swimmers and surf-board riders are endangered. The
wind is also of paramount interest to motor- and sailing-boat operators. A fresh breeze is, of course, most welcome
to the sailors, but when wind speeds exceed 12 m S-1 small boats are in danger of capsizing and swamping. Weather
services issue warnings to seek safe moorings in shore and lake areas. In some countries continuous weather broadcasts keep sports boat operators inform,ed of hazardous weather conditions. During gales and hurricanes, boat-owners
must obviously heed early weather service warnings and secure their boats as well as possible.
Those engaged in fishing for sport are naturally subject to the same rules. But they usually look out for the
weather conditions promoting the best conditions for catching fish. The feeding habits of fish are greatly governed
by the weather. The tendency to take bait or lure varies from species to species. Many prefer relatively calm and
cloudy conditions but others have different behaviour. In this pursuit, timely and reliable short-term weather
forecasts will greatly enhance the enjoyment of this sport.

6.2

Winter sports

The opportunity to engage in winter sports requires the presence of an adequate snow cover. Even though tllis
is most likely in the higher latitudes in winter, there are temporary or perennial snows even in lower latitudes at
higher elevations. Chart 14 shows the areas with snow and ice cover. These regions either have permanent snow
or are seasonally covered. The latter are, of course, of most interest for recreational pursuits.
The mountains near population centres or otherwise easily reached by modern transport are the natural target
of an ever-increasing number of ski-tourists. The income of some ski centres in the Alps, the Rocky Mountains and
the Sierra Nevada is greatly enhanced by reliable snowfall each year. There are many other mountainous areas with
a distinct potential for skiing. Weather services can readily furnish probabilities for snow cover at various elevations.
In certain areas, snow may be inadequate in some years for skiing but their temperatures are, on an average, a
few degrees below freezing point. These localities are suitable for supplementing any natural snow by artificial snow
produced by snow machines.

Natural lakes, artificial ponds, or even water-sprayed tennis courts, in regions with sufficiently low winter
temperatures, are places for skating and other ice sports. The suitable places are usually in the same regions where
seasonally stable snow covers form.
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All forms of winte~ sports are subject to hazards. In the case of skating, the thinning and breaking of ice on
rivers and lakes can cause trouble in the late season, and venturing on too thin ice at the beginning of the winter is
equally hazardous. Both build-up and decay of the ice cover are related directly to cumulative degree-days below
freezing at the beginning of winter and above freezing at the end. Meteorological Services can, from this information,
readily project formation of firm ice and its break-up and advise on the safety for skating.
For skiing, the major hazards are avalanches. Their occurrence depends on snow depth and layering. They are
particularly prevalent in the late part of the snowy season when a substantial fresh snowfall is deposited over an old,
crusty snow cover. Even minor perturbations can set off a snow slide on a steep slope and cause an avalanche. Skiers
themselves are often to blame for the initiation. Major winter sports communities have their own efficient avalanchewarning systems, which to a great extent rely on the meteorological conditions and forecasts.
6.3

Tourism

Camping, hiking, and sight-seeing have become popular recreations. Vacationing visitors and tours also are a
valuable economic asset. Almost all countries have attractions for tourists, be they historical, floristic, faunistic, or
climatic. Most touristic activities are weather dependent. Although some regions have a year-round favourable climate
for outdoor activities, many have only seasonal appeal.
Warm and sunny conditions in winter, when elsewhere cold and clouds prevail, can make an area a temporary
target of tourists' travel. In contrast, in summer these same areas may be uncomfortably hot and subject to
frequent showers, while a higher-latitude region may offer a far more pleasant and agreeable atmospheric environment
for a vacation. Such oscillatory tourist movements induced by the seasonal swings of weather may also call for a
corresponding migration of work forces engaged in catering for these tourists, such as restaurant and hotel personnel,
entertainers, and souvenir vendors.
Meteorological Services provide the communities having seasonal tourist traffic, tour managers and individual
travellers with pertinent information that can serve to improve the preparations for excursions and holidays. Such
material indicates temperature ranges, expectancy of rainy weather, and weather hazards. Information of this kind
permits the traveller to pack proper clothing and footwear.
In developed countries, resorts have long-established traditions and nearly all have pamphlets giving climatic
and other information. But there are many localities which, from a meteorological standpoint, would be favourable
for the creation of new resorts. Assessment of such potentialities, especially in developing countries, is still to be
accomplished. With the increasing world population, better and faster means of transportation, and more leisure
time, the establishment of new resorts becomes a highly desirable goal.
In the mind of the public, tourism and vacations are usually related to sunshine, which is the symbol of outdoor recreation. Not all parts of the globe are equally endowed with this meteorological commodity - in fact, it has
a very lopsided distribution. Chart 15, depicting the average number of annual sunshine hours, shows the great
differences that exist. Subtropical desert areas have the highest number of sunshine hours but other conditions
may militate against more than sporadic tourist trade. At the fringes of the deserts and in other regions of
higll sunshine, such as the Mediterranean, the Caribbean, Mexico and California, tourism is already a well-established
industry. Expansion ofthis activity, especially in southern hemispheric areas, looks very good from a meteorological
viewpoint but will require cheap transportation.
A final point to be covered is the use of climatic advantages for therapeutic purposes. In many health resorts
of the Old World this is a medically exploited procedure but the practice, even in developed countries, is by no means
universal. The disorders most frequently treated by climato-therapy are the respiratolY ailments, including asthma. In
rheumatoid arthritis, a change of climate has also been recommended as beneficial. If is not our task here to give
the long list of iridications for climatically beneficial cures; we would point out, however, that many opportunities
in this respect exist and await exploitation.

CHAPTER 7

EFFECTS OF URBANIZATION ON CLIMATE

7.1

General

Up to this point we have considered mainly the influences of weather and climate on dwellings and settlements,
but it is essential to be aware that human settlements have a "feedback" into their atmospheric environment. In the
case oflarge urban areas this is by no means trivial and, for the projected megalopolitan areas, it can cause regional
effects that go beyond the confines of the urbanized area. This is usually the case for the air pollutants produced
in a megalopolis. The city produces a gigantic plume, which is gradually dispersed downwind. At times, such a plume
can be traced several hundred kilometres downwind. It is so dilute that it is not likely to be harmful to human health.
Its effects on other parts of the biosphere, however, are uncertain (see Chapter 3, paragraph 3.1.3). The possible global
consequences are being monitored under the auspices of the World Meteorological Organization. Although it is
not at present possible to predict whether human atmospheric contamination wi11lead to global climatic alterations - much as this has been speculated about in recent years - it is to be hoped that this surveillance will give
an early warning of untoward happenings.

7.1.1 H eatisland
On the local scale, the fomlation of an area of higher temperatures compared with rural environs is generally
the first obvious manifestation of settlements. This so-called heat island is primarily the result of the alteration of
the surface which affects the heat balance of the urbanized space. Less solar radiation is reflected and, since water is
drained off and less vegetation exists, there is less evaporation. Urban heat generation, even in high, but sub-polar,
latitudes, contributes generally less than one-third of the energy causing the heat island. The effect is particularly
notable in the temperatures of the surface (not identical with air temperature) and can be directly related to the
building density. Figure 3 shows the notable excess temperature on clear days in a densely built-up area. In air
temperatures, the differences between urban and rural areas reach their highest values in the early night hours after
sunset. The values that can be reached occasionally are above lOoC difference between the centre of town and rural
15
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Figure 3 - Relation of excess temperature of urban surfaces on sunny days in terms of density of built-up area
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Figure 4 - Approximate relation of maximum nocturnal urban heat island (urban minus rural air temperature, °C) and population

areas, at the same time. These maximum differences can be related directly to population figures (see Figure 4) and
occur on clear, calm nights. But even in the annual averages, large cities have temperatures I to 2°C higher than
their rural environments.
The heat island has a number of consequences. In cold regions it reduces the number of heating degree-days.
It may melt falling snow and thus reduce clearing costs. It causes convection that has effects on wind, cloudiness,
and rain (discussed in more detail in paragraphs 7.1.2 and 7.1.5).
In warm regions or seasons, the heat island contributes to discomfort and increases the cooling requirements.
In cases of heat waves it contributes to higher death rates, especially among infants and the elderly.

7.1.2 Effects of settlements and buildings on the wind field
The heat island causes a rise of the warm air in the centre of the city. This air is replaced by air from the outskirts
converging into the city and, in some cases, bringing in cleaner air; in others, it may advect contaminated air from
factory districts at the urban periphery.
The major effect of urban areas on the wind circulation is a result of the increased roughness introduced by the
building complexes. These induce many smaller and larger eddies which swirl around in the city. The arrangement
of streets and avenues will cause channelling of the wind. The result may then be that strong currents flow through
one set of streets, while relative calm prevails in .the streets at right angles. The eddy currents that are caused by the
buildings, especially the tall ones, can lead to very high wind gusts at street level. They can be so strong that it
becomes difficult to walk on pavements and to open doors unless special protective overhangs are included in the
design.
But the most notable overall influence on air flow by settlements is the general reduction of wind speed. This
amounts, on an average, to ten per cent at the surface but the effect is much more pronounced on the weak winds of
3 m S-l or less. These may be slowed down by 30 to 40 per cent. This means that, when the atmospheric circulation
is sluggish, urban air flow essentially stagnates. This, in turn, causes accumulation of air pollutants.
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7.1.3 Air pollution
The urbanized and industrialized areas of the world are major contributors of air pollution. Although they are
not the only anthropogenic source (agriculture being the other), the urban areas produce a bewildering variety of
pollutants from combustion processes, traffic, incinerators, and the effluents of sanitary installations and factories.
The dust pall over urban areas reduces visibility and contributes to fog formation. Some of the exhaust products of
motor vehicles interact with sunlight to cause photochemical smog. Hence there is generally less beneficial sunshine
in cities than in their surroundings.
Many of the pollutants present in urban areas have harmful effects on health. The most common of these
pollutants is carbon monoxide from automobile exhaust. Its presence impairs the oxygen·carrying capacity of the
blood. Oxides of nitrogen, resulting from many combustion processes, but again mainly from automobiles, form
irritating compounds that affect the eyes and mucous membranes. Other nitrogen compounds originate in industrial
processes and can cause a number of aggravations from rhinitis to keratoconjunctivitis.
One of the principal urban air pollutants is sulphur dioxide. It is the main noxious effluent from the burning
of many fossil fuels. In the course of its chemical history in the atmosphere it often transforms into dilute droplets of
sulphuric acid. This compound not only can have an effect on fog and cloud formation (see paragraph 7.1.5) but is also
a known irritant of the respiratory passages. It is suspected of promoting respiratory diseases and can be a main cause
of urban cases of chronic bronchitis. The same sulphur fumes also affect many wild and ornamental plants.
Polycyclic hydrocarbons, which are known cancerigens, have been found in polluted urban atmospheres. The
list of trace metals that has been determined in the metropolitan areas is bewilderingly long. They have their origin
in petrol additives, abrasion of tyres in traffic, and incineration of refuse. Some of them come from coal and oil
used in heating space. Chemical factories, refineries, and other manufacturing processes add their share. Many of
these pollutants, such as lead, mercury, beryllium and cadmium, create known health hazards.
Many of the urban atmospheric suspensions provoke severe allergic reactions. Allergically stimulated asthma
attacks and other reactions are far more prevalent in urban than rural areas, increasing when stagnation situations
prevail over cities. These occur when slow-moving high-pressure cells settle for a while over urbanized areas. Under
clear skies, temperature inversions form near the surface, placing an effective lid on vertical convection, which is
one of the prime dispersers of pollutants. At the same time, the winds which could advect clean air to the urban area
are weak. Thus the pollutants accumulate and provoke serious health episodes.
The Meteorological Services, through their predictions, are in a position to alert the population to these
conditions and enable municipal authorities to order such remedial measures as may be called for by this weatherinduced menace. The overall problem can also be readily assessed for any existing urban area and its growth projection. The concentration of any air pollutant is linearly related to a number of ascertainable variables. This
relation is as follows:
Nq
xccdu
Pollutant concentration (X) is directly proportional to the population number (N) and the average per capita production of the specific pollutant (q) and inversely proportional to the diameter of the urban area (d) and the wind
speed (u). For most localities the frequency oflow winds is known, so that fairly realistic estimates of potential
local pollution levels can be made for any projected population and effluent rate.

7.1.4 Urban effects on precipitation
The influences of the heat island (see paragraph 7.1.1) and urban air pollution (see paragraph 7.1.2) combine to
affect the precipitation climate of cities. This effect does not become apparent until cities number over 100000
inhabitants and does not become really appreciable until they reach a million.
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The formation of fog in cities has already been alluded to but it is also evident that the convection induced
by the heat island, particularly in day-time, leads to the formation of cumulus-type clouds earlier in the day than
in the nearby rural areas. It is quite probable that some of the hygroscopic substances present among the pollutants
also lead to droplet formation sooner than would be the case if these substances were absent. The clouds, continuously fed by the city-warmed ascending air currents, will, under suitable weather conditions, grow tall and
eventually lead to showers. These clouds may be carried beyond the confines of the city by the upper winds and discharge their rains in the nearby suburban or rural areas downwind. This type of convective urban-induced shower
will occur mostly in the warm season.
Under some other weather conditions rain enhancement over urban areas can also take place. This may
occur when a rain-producing frontal system slowly drifts over a city. Such a system generally produces only
a few millimetres of rain. When its clouds acquire the added uplift provided by the rising currents of the heat island,
however, heavy showers or even cloudbursts can result. As urban areas expand, this presently rare occurrence will
without doubt also increase in frequency.
There is still another way in which urban areas can contribute to their own precipitation. This comes about
through cloud seeding. Such events are most likely to occur in the cold season because, for seeding to become
effective and initiate precipitation, cloud droplets at temperatures below freezing are required. Clouds with suitable
droplets are common in cold regions in winter. These clouds are often very stable and natural nuclei suitable for
inducing the precipitation process at the prevailing droplet temperature may be scarce. But when such clouds drift
over cities, they may meet a veritable volcanic outburst of freezing nuclei. These particles are present in profusion,
apparently from automobile exhaust and from industrial effluents. When lifted to cloud level by the updraughts of
the heat island, they may well induce added precipitation.
7.1.5 Minimization of urban effects on weather (see also Chapter 5, paragraph 5.3)
Even though, apart from the high concentration of air pollutants, the effects of urban areas are not at present
a major menace, the prospect of metropolitan areas of 20 million inhabitants and conurbations of many times that
number of people inspires great uneasiness. One would not like to see the heat island and its consequences grow to
regional size. One would certainly not want to see the air pollutants grow by another order of magnitude. Contemplation
of the runoff characteristics of many more square kilometres of paved-over land gives serious cause for alarm because
of their flood-producing potential. One can speculate only with misgivings about the multiplication of damage and
injuries that major natural storms could cause to the communities of the future, packed with humans.
From the meteorological point of view, what remedies could be recommended? The principal effort should be
to introduce radical remedies for air pollution. Because it seems difficult to control many small sources of pollution,
one would foresee a non-polluting transportation system, probably electric. It is easier to control effluents from a few
power stations than those from millions of vehicles. For stationary pollution sources, smoke sewers should be constructed. The effluents could be better controlled collectively than individually.
The heat island and runoff problems should be counteracted by reducing the percentage of impermeable
surfaces. This can be achieved by better land use, such as providing parking under houses, apartments and business
buildings. Multiple-storey parking garages will have to take the place of car parks.
All lateral spread of buildings should be replaced by use of the vertical dimension. In this respect, the use of
subsurface structures will have to be greatly developed. It would be particularly desirable to have more green surfaces interspaced into the urban scene and a revival of the use of shade trees on streets and avenues should be
strongly recommended. Green surfaces should not be restricted to lawns or playgrounds because, although these
are better than paved-over places, it is trees which have a far more profound influence on the heat balance. In hot,
dry areas novel shading and deflecting devices could be introduced to advantage.
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Chart 3 - Global distribution of average annual number of days with thunderstorms
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TORNADOES AROUND THE WORLD
BY T.T. FUJITA 1973

Chart 4 - Tornado locations 1963-1966 (after Fujita)
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T. T. FUJITA 1973

Chart 5 - Global distribution of expected maximum winds in tornadoes (after Fujita)
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Chart 6 - Global system of weather communications showing World Meteorological Centres, Regional Meteorological Centres and National Meteorological Centres

WEATHER SATELLITE RECEIVING STATIONS
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Chart 7 - Global distribution of weather satellite data receiving stations, 1975
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Chart 8 - Average heating degree-day distribution
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Chart 9 - Average annual amount of solar energy received at the surface of the Earth
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Chart 10 - Average wind energy available at the surface of the Earth (100 m)
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Chart 11 - Global distribution of air-pollution potential
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Chart 12 - Global distribution of per cent variability of annual rainfall
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Chart 13 - Global average annual runoff in mm (= litres m -2)
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Chart 14 - Global distribution of seasonal and permanent cover of snow and ice. (Numbers refer to numbers of months per year of snow and ice cover; V = variable)
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