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In this issue

Weather and climate know no national borders. The
transformation of the International Meteorological Organization into the World Meteorological Organization
(WMO) in 1950 was an essential response to the need  
to strengthen global cooperation in this scientific area. In
1960, the Executive Council of WMO established World
Meteorological Day to build public awareness of the
services provided by National Meteorological Services
and WMO. These services involve the observation, collection, processing and dissemination of meteorological,
hydrological and other related data and products. The
23rd of March was chosen for the commemoration as it
marks the date of entry into force of the WMO Convention.
The 2013 World Meteorological Day theme is “Watching the weather to protect life and property,” with the
subtitle “Celebrating 50 Years of the World Weather
Watch.” This theme focuses attention on the crucial role
of meteorological services in strengthening safety and
resilience to weather events. It also pays tribute to the
World Weather Watch, a foundation programme of the
WMO that marks its fiftieth anniversary in 2013.
Established in 1963, in the middle of the Cold War, the
World Weather Watch is an outstanding landmark in
international cooperation. In 2013 the Bulletin celebrates
the World Weather Watch with articles outlining its history and offering a forward-looking perspective on its
systems and programmes. In this issue, we introduce
the Global Observing System (GOS) and the Instruments
and Methods of Observation Programme (IMOP).
Some of the international partners in the World Weather
Watch have also contributed items to the Bulletin to mark
its 50 th anniversary. This issue includes an interview
of the European Centre for Medium-Range Weather
Forecasts (ECMWF) Director-General Alan Thorpe and
an article from the US National Oceanic and Atmospheric
Administration (NOAA) on environmental satellites. In
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addition, two newer international partnerships – the Tiksi
International Hydrometeorology Observatory and ARISE
– which promise to deliver scientific insights that will
contribute to the World Weather Watch, are highlighted.
The development of human resources and the physical
infrastructure of public weather services is key to the
success of the World Weather Watch. The last two articles
in this issue deal with these two important aspects.
In the penultimate article, four WMO fellows provide
insight into their fellowship experience at the China
Meterological Administration. The final article highlights
the Korean Meteorological Administration’s approach
to the valuing of investments in data-processing and
forecasting systems.

The World Weather Watch
at 50

The World Weather Watch (WWW) is one of the crowning achievements of WMO. The celerity with which
WMO responded to the introduction of meteorological
satellites with the establishment of the WWW, and
its subsequent adoption by all WMO Members, set a
standard for international cooperation in operational
programmes that remains unequalled today.
In its first decades, WMO observed considerable progress
in many countries in expanding and improving both
observational and telecommunications capabilities.
Networks of land stations increased while merchant
shipping and special ocean weather vessels continued
to play an important role over the seas, complemented
in some areas by meteorological ocean buoys. In addition, civil aviation started to provide valuable upper-air
information along major flight routes. But large areas
over which little meteorological information was available remained.

A major breakthrough – meteorological satellites –
partially filled these gaps. On 4 October 1957, the USSR
launched the first Earth-orbiting satellite SPUTNIK-1,
followed later in the same year by SPUTNIK-2 and the
EXPLORER-1 satellite launched by the United States
on 2 January 1958. The world’s first dedicated weather
satellite, the Television Infrared Observation Satellite
(TIROS-1), was launched by the US on 1 April 1960. These
launches effectively marked the beginning of a new era
of observational data coverage for the whole globe and
were key triggers for one of the most significant developments in the history of meteorology: the inception of
the WMO World Weather Watch Programme.

Launch of the World Weather Watch
Early on the United Nations (UN) acknowledged the dangers
as well as the benefits of more and more nations launching satellites. It recognized the fact that WMO provided
a potential model for open and friendly cooperation on
space matters between nations, for mutual and worldwide
benefit. Accordingly, one of the first resolutions approved
by the UN for “international cooperation in the peaceful
uses of outer space” laid down heavy demands upon
WMO. Resolution No. 1721 (XVI), adopted unanimously
by the UN General Assembly on 20 December 1961 stated:
“The General Assembly, Noting with gratification
the marked progress for meteorological science
and technology opened up by the advances in
outer space, Convinced of the world-wide benefits
to be derived from international co-operation in
weather research and analysis,

SPUTNIK-1, the world’s
first Earth-orbiting satellite,
launched by the USSR

1.
Recommends to all Member States and to
the World Meteorological Organization and other
appropriate specialized agencies the early and
comprehensive study, in the light of developments
in outer space, of measures;
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(a)  To advance the state of atmospheric science and
technology so as to provide greater knowledge
of basic physical forces affecting climate and the
possibility of large-scale weather modification;
(b)  To develop existing weather forecasting capabilities and to help Member States make effective use of such capabilities through regional
meteorological centres;
2.
Requests the World Meteorological Organization, consulting as appropriate with the United
Nations Educational, Scientific and Cultural Organization and other specialized agencies and governmental and non-governmental organizations,
such as the International Council of Scientific
Unions, to submit a report to the Governments
of its Member States and to the Economic and
Social Council at its thirty-fourth session regarding
appropriate organizational and financial arrangements to achieve those ends, with a view to their
further consideration by the General Assembly at
its seventeenth session...”

wide range of subjects including weather forecasting
and climatology and their applications, the possibility of
changes in the global climate, weather modification and
the meteorological aspects of water resources. However,
most of the emphasis was placed on what could be
considered operational service aspects: observational
data and the associated telecommunication system to
permit rapid collection and dissemination of data and
products. Accordingly three areas in which substantial
progress was considered to be essential for the WWW
were identified: (a) global observational data coverage, (b) data processing systems and (c) a worldwide
coordinated telecommunication system.
The First Report undoubtedly ranks as one of the most
significant documents in the history of WMO. It was
submitted to the fourteenth session of the WMO Executive Council in 1962 and subsequently provided to the
UN General Assembly and other bodies. At the 17th
UN General Assembly in December 1962 the report
was very favourably received and a new resolution
(Resolution 1802 (XVII)) was adopted as a sequel to
the previous one. The Fourth World Meteorological
Congress (April 1963) considered the two UN resolutions, accepted the responsibilities placed upon WMO
by those resolutions and decided to: (a) approve WWW
as an extension of long-established plans for facilities
and services required by the meteorological services;
(b) establish a Development Fund in support of WWW;
and (c) establish a WWW planning unit in the Secretariat.

Dr H. Wexler (USA) and Academician V. Bugaev (USSR), two of
the founders of the World Weather Watch, Geneva (March 1962)
WMO promptly reacted with its “First Report on the
Advancement of Atmospheric Sciences and their Application in the light of Developments in Outer Space.” The
term World Weather Watch (WWW) was introduced
by one of the writers, Dr Wexler (USA), and the overall
objective was described by another writer, Academician
Bugaev (USSR), as “to develop WWW in such a way as
to ensure that any country could receive meteorological information on any scale.” The report discussed a
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Pre-launch tests of meteorological satellite TIROS (1960)

Implementation and definition of
components
Between the Fourth (1963) and Fifth (1967) World Meteorological Congresses, considerable progress was made
in the planning of the WWW and WMO Members began
to adapt their Meteorological Services to fit in with this
new structure. The Fifth Congress also adopted the first
WWW Plan and Implementation Programme for the
period 1968-1971. This Programme outlines the general
features of the structure of the WWW as a dynamic,
evolutionary system with worldwide ramifications.
From the outset, the WWW included three major components, namely the Global Observing System (GOS), the Global
Data-processing and Forecasting System (GDPFS), and the
Global Telecommunication System (GTS). It was organized
in a three-tier structure consisting of the World Meteorological Centres (WMCs), Regional/Specialized Meteorological
Centres (RSMCs) and National Meteorological Centres
(NMCs). Since its establishment in 1963, the WWW has
developed essentially as an aggregation and coordination
of all the facilities controlled by the Meteorological Services
of Members. The establishment and successful operation
of the WWW were crucially important for a significant
improvement of weather forecasts and climate records.
In 1984, two additional elements were added to the
WWW Plan, namely, the Monitoring and Operational
Information Service and the WWW Implementation
Support. As experience accumulated with monitoring
and operating the WWW, the final structure underwent
slight modifications. Currently, the WWW comprises the
design, implementation, operation and further development of the following three core components:
• The GOS, consisting of facilities and arrangements for
making observations at stations on land and at sea,
and from aircraft, environmental satellites and other
platforms;
• The GTS, consisting of integrated networks of telecommunications facilities and services for the rapid,
reliable collection and distribution of observational
data and processed information;
• The GDPFS, consisting of World, Regional/Specialized
and National Meteorological Centres in order to provide
processed data, analyses, and forecast products.
The coordination, integration and operation of these
three components are achieved through two support
programmes, the WWW Data Management programme
and the WWW System Support Activity programme.
In addition, the WWW Programme incorporates four
programmes that complement and enhance the core

components of the WWW and provide significant input and
support to other WMO Programmes: (a) the Instruments
and Methods of Observation Programme; (b) the Tropical
Cyclone Programme; (c) the Emergency Response Activities; and (d) the WMO Antarctic Activities programme.

A success story
At its 50th Anniversary, the World Weather Watch must
be considered a resounding success by any metric, both
in terms of meeting its primary goal of enabling the
weather services around the world to better serve their
users and in terms of providing a model for successful
international collaboration on a global scale. Over this
half-century, weather prediction information and products
have gone from being of interest mainly to the shipping
and aviation communities and a few hobbyists to being
considered vital for the protection of life and property
and for routine operations and decisions affecting nearly
every sector of the global economy. All of this has been
made possible by the WWW and its components, and the
original developers and planners of the WWW deserve
credit for the vision and initiative. So does the WMO of
today – the Secretariat, technical commissions, regional
associations and National Meteorological and Hydrological Services (NMHSs)– which will continue to collaborate
on operating and improving the WWW to ensure that it
delivers the best products that scientific understanding,
technological prowess and financial resources will allow
at any given time, particularly for the 21st Century and
beyond characterized by a changing and variable climate.
The fact that almost every sector of the economy now
depends on weather forecast information is a feather
in the cap of WMO, the WWW and the NMHSs, but it
also brings with it enormous responsibility. It is worth
remembering that no nation, however wealthy and
powerful, can serve its citizens with the kind of timely
and reliable weather information they have come to
expect and depend on without the collaboration of all
others as exemplified by the WWW.
It is important to all WMO Members that the WWW
continue to evolve and grow. One may marvel at the
complexity of the system and perhaps worry that it be
taken for granted and that complacency should set in
and threaten the enormous gains that have been made
thanks to this initiative. But far from stagnation, the WMO
and the WWW are entering a new era through initiatives
such as the WMO Integrated Global Observing System
(WIGOS), WMO Information System (WIS), the Global
Framework for Climate Services (GFCS). The WWW is
also an important part of the WMO contribution to the
nascent Global Earth Observation System of Systems
(GEOSS). One can only hope that the next 50 years will
be as successful as the previous 50.
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World Weather Watch
successes and challenges for
the future
An interview with Alan Thorpe

by Erik Andersson1

Professor Alan Thorpe is the Director-General of the
European Centre for Medium-Range Weather Forecasts
(ECMWF) and a founding member of THe Observing system Research and Predictability EXperiment (THORPEX)
programme. Under the skillful leadership of the Professor and Dr Mel Shapiro, Co-chairs of the THORPEX
International Science Steering Committee, the THORPEX
International Science Plan – which lays a foundation
for the initiative and provides a 10-year plan for its
development – was completed in 2004. THORPEX is a
core component of the WMO World Weather Research
Programme (WWRP).1
THORPEX is an international research programme to
accelerate improvements in the accuracy of 1-day to
2-week high-impact weather forecasts. These improvements will lead to substantial benefits for humanity as
we respond to the weather related challenges of the 21st
Century. THORPEX research sub-programmes address:
(i) global-to-regional influences on the evolution and
predictability of weather systems; (ii) global observing
system design and demonstration; (iii) the targeting
and assimilation of observations; and (iv) societal,
economic and environmental benefits of improved
forecasts. THORPEX addresses weather research and
forecast problems whose solutions will be accelerated
through international collaboration among academic
institutions, operational forecast centres and users of
forecast products.
Despite the fact that THORPEX will only be concluded
at the end of 2014, many of the aims have already
been achieved. The experience has once again shown
how research cooperation with the WMO community
can accelerate advances in predicting high-impact
1

Head, Meteorological Division ECMWF, member of the WMO
Expert Team on the Evolution of GOS, and WMO Rapporteur
on Scientific Assessment of Observation Impact in NWP
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weather to benefit humanity and continuously improve
the systems supporting the World Weather Watch
(WWW).
Below is an interview with Professor Thorpe.

The importance of the WWW for
ECMWF’s success
The WWW Programme was initiated a decade before
ECMWF was established. Do you consider the WWW
a precursor of ECMWF, and did the thinking behind the
WWW influence the establishment of the European Centre?
International collaboration in meteorology was developing in the 1960s and it was strengthened fundamentally
by the establishment of the WWW Programme in 1963.
Another major landmark was the Global Atmospheric
Research Programme, GARP, established in 1967 and
its First GARP Global Experiment, FGGE. The early
successes of GARP at the beginning of the 1970s demonstrated that more could be achieved through international collaboration than by any one country acting on
its own. Around the same time, 19 countries in Europe
decided to join forces and establish a centre for numerical weather prediction (NWP) research, supercomputing
and production of numerical forecasts – that is ECMWF.
So in that sense I believe that the WWW Programme
was a precursor of ECMWF. At that time it was already
understood that progress in NWP and the activities at
ECMWF would depend crucially on the global exchange
of observations and the technical infrastructure that was
being coordinated and built under the WWW.
Is there evidence to show that the WWW Programme
has contributed to improving the skill of global NWP?
Observations from the WWW’s global network are
essential for initializing models, and the satellite era

has brought huge data volumes to bear on the problem.
But without a scientifically credible way to “fill in the
gaps” in those observations using prior forecasts as an
input – data assimilation – those observations could not
have been used as effectively.
The predictive skill of global NWP over the last 30 years
has improved by about one day per decade. In my
view that success is due to improvements in scientific
knowledge about weather, computational technology,
and observations and their utilization. It is clear to me
that the WWW and international collaboration in weather
science have contributed substantially to this success.
The figure shows a time series over most of ECMWF’s life
and it quantifies the improving skill over these decades
in 3, 5, 7 and 10-day forecasts. It shows the anomaly
correlation as a percentage for the 500 hPa height field,
separately for the northern and southern hemispheres.
Improved observations (satellites) and data assimilation
meant that in the late 1990s, the gap between skill levels
in the two hemispheres largely closed.
Is this historical rate of improvement set to continue?
Our results show that skill continues to improve at a
similar rate of about one day per decade even today. The

associated challenges for the WWW are to continue to
address the remaining gaps in the observation coverage,
such as Africa and the Arctic, both of which can affect
predictions for Europe and elsewhere, and to ensure
ongoing funding to support the cost of the operational
satellite programmes.

Prospects for predictions at various time
scales out to a season ahead
At the present time we have global NWP models with
predictive skill up to one to two weeks ahead with a
resolution of around 15 km. How can the WWW contribute to further extending the range of predictive skill
beyond the first two weeks?
Weather and climate forecasts depend on there being
predictable signals in the system. Major advances have
been made in the understanding of both the sources of
predictability and unpredictability in numerical predictions. For example, fundamental progress was made by
using the concept of chaos.
Although the atmosphere’s dynamics are chaotic in
nature, there are sources of predictability on all time
scales. For example, North Atlantic sea-surface temperature variations have been linked to wet/dry conditions

500hPa geopotential height
Anomaly correlation
12-month running mean
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Day 3 NHem
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The long-term evolution of forecast skill for the ECMWF forecasting system for 3, 5, 7 and 10 days. The thicker curve (line)
in each pair is the northern hemisphere, the thinner the southern hemisphere.
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one month ahead in Europe. Also the Madden-Julian
Oscillation stimulated by convection in the tropics triggers planetary-scale Rossby wave trains reaching into
the extra-tropics and high latitudes with a time scale
of up to a month. There are two other good examples
that readily come to mind: the stratospheric quasibiennial oscillation (QBO) influences weather regime
transitions and the onset of the Indian Monsoon, and
the El Niño Southern Oscillation in tropical sea-surface
temperatures influences the large-scale weather patterns globally on seasonal time scales.
The prospect of exploiting the predictive modes of
variability depends crucially on the availability of good
quality observations of the atmosphere, ocean and
land surface, and efficient mechanisms for their global
exchange. In all these areas the WWW continues to
play a crucial role.
How can we understand predictability and unpredictability and distill useful information from chaos?
Having mentioned the critically important sources
of predictability one has to remember that imperfect
knowledge of the science and uncertainties in the
initial conditions and modelling system all contribute
to major sources of unpredictability. But the science of
NWP has advanced by using scientific principles to both
reduce and quantify these uncertainties. This is done
through ensembles.
To explore the range of uncertainties in the forecasts,
NWP centres have developed parallel realizations with
slightly varying initial conditions and model physics.
Each member of the ensemble is a scientifically credible
prediction, with perturbations designed so that the
forecast is reliable. And by reliable I mean that the
predicted chance of an event happening matches the
frequency with which it actually occurs. The ensemble
as a whole enables forecast probabilities of weather
events to be evaluated at all time ranges. In this way,
each forecast can be associated with an estimate of
its uncertainty – exactly what decision makers require.

Importance of international cooperation for
NWP science
You have emphasized that science, observations, and
computer technology have advanced because of a high
degree of international collaboration, and this has
led to continuing improvements in NWP. Would you
expand on that a little?
The weather and climate communities, including all
those involved in scientific research and operational
activities, are perhaps the most collaborative of any
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in science. The WWW and GARP aimed to stimulate
a step-change in our ability to observe and forecast
the weather. By almost any measure they succeeded
beyond anyone’s wildest dreams.
Since then, thanks to the WMO, the International
Council for Science and other international bodies,
weather and climate science has continued to benefit
hugely from collaborative international programmes
(such as the World Weather Research Programme’s
THORPEX) to bring scientists together to work on
common problems. History shows that, whilst we
can get bogged down in thinking about competitive
skill advantages, in fact we all progress because of a
collective international effort.
The THORPEX programme is coming to an end in 2014 –
how do you see its legacy developing in the future?
Three new projects are being established as a THORPEX
legacy and these will be strongly supported by ECMWF –
I hope other institutions and countries will do likewise.
For example, ECMWF will continue to host the THORPEX
Interactive Grand Global Ensemble (TIGGE) archive of
multi-model medium-range ensemble forecasts, and
we aim to extend it to include monthly forecasts from
the Subseasonal-to-Seasonal project. In addition, NWP
forecasts from ECMWF and other centres will benefit
from the scientific advances coming from the Polar
Prediction and High-Impact Weather projects.
Finally I want to advertise the World Weather Open
Science Conference to be held in Montreal in August
2014, which I hope many will choose to come to – it’s
the first open weather research conference ever held!
(See the inside back cover of this issue for more
information on the World Weather Open Science
Conference.)

The Global Observing System

by Sue Barrell1, Lars Peter Riishojgaard2, Jochen Dibbern3
with contributions from many others

GOS is an extremely complex undertaking, and it is perhaps one of the most ambitious and successful instances
of international collaboration of the last 100 years. It
consists of a multitude of individual observing systems
owned and operated by a plethora of national and international agencies with different funding lines, allegiances,
overall priorities and management processes. And yet the
overall requirements and reporting practices are almost
universally adopted, and through the combination of
GOS and GTS billions of observations are obtained and
exchanged in real time between WMO Members and
other partners every single day. Without GOS and GTS,
not a single WMO Member would be able to serve the
weather needs of its citizens as well as they do today.

1

CBS Vice-president and Assistant Director, Observations and
Engineering, Bureau of Meteorology, Australia

2

Chair CBS OPAG-IOS and Director, Joint Centre for Satellite
Data Assimilation, NOAA Science Centre

3

Co-Chair CBS OPAG-IOS and Director, Technical Infrastructure
and Operations, Deutscher Wetterdienst, Germany

In spite of the technological proficiency of modern society
– and perhaps contrary to popular belief – our dependence on weather has increased rather than decreased
over the last five decades. This is due to a combination
of factors, including an exponential growth in travel and
transportation by air and sea, a larger than ever part of
the population living along the coastlines of the world
and in other vulnerable areas such as flood plains, and
increased reliance of intensive farming methods to feed
growing populations, etc. The increasing demand for
and dependence on weather information, as well as
the emergence of new observational capabilities, have
forced GOS since its inception to constantly evolve, and
it will need to continue to do so in the future.

Components of GOS
At the outset, GOS included polar orbiting satellites,
some 8 000 weather stations on land and roughly 4 000
merchant ships routinely providing meteorological
observations to the WWW. About 800 of the land stations
were also making upper-air soundings up to altitudes
of 30 km. In addition, manual observations were made
from about 3 000 commercial aircrafts.

Christian Morel

Three jewels shine particularly brightly in the crown
of the World Weather Watch: the Global Observing
System (GOS), the Global Telecommunication System
(GTS) and the Global Data-processing and Forecasting
System (GDPFS). As envisaged in the original, visionary
plan for the WWW, these individual components deliver
their achievements not in isolation but through their
connection from end-to-end and through the strong
user requirements process that underpins them. The
combined achievement is far greater than the sum of
the parts, and no single component would be able to
deliver the intended benefits on its own. However, GOS
is arguably unique in being the foundation on which
the others stand, in providing the essential observations subsequently disseminated through the GTS and
assimilated and processed into forecasting products
through the GDPFS.123
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Today the surface-based observing systems of GOS
includes about 11 500 land stations making at least
three-hourly and often hourly observations of meteorological parameters, 1 000 weather radars, 1 300
upper-air stations plus about 15 ships making upper-air
profiles over the ocean, over 3 000 automatic observing
systems onboard aircrafts, 4 000 routinely reporting
ships, 1 250 drifting buoys, more than 500 moored
buoys, and many other types of observing stations
(e.g. wind profilers, lightning detection systems, tidegauges, etc.) – all contributing to the WWW. Some
4 000 of the land stations comprise the Regional Basic
Synoptic Networks and over 3 000 stations comprise
the Regional Basic Climatological Networks both drawn
up by the six WMO Regional Associations. A subset of
these surface stations are used in the Global Climate
Observing System (GCOS) Surface Network (GSN) and
a subset of the upper-air stations composes the GCOS
Upper-Air Network (GUAN).
While the advent of the space era was a key driver behind
the creation of the WWW and GOS, it is the combination of the space-based and surface-based components
that remains the key to its operational success, to the
participation and commitment of all WMO Members and
to the translation of data and information into needed
and usable end-products.

Role of WMO in GOS
The components of GOS belong to the National Meteoro
logical and Hydrological Services of WMO Members,  to
other national and international agencies or to private
entities. The role of WMO is to coordinate and guide
GOS, both in its every day operations and in its strategic
evolution. WMO thus maintains a Rolling Review of
Requirements (RRR) aimed at continuously assessing
user requirements and matching them against current
and evolving observational capabilities. The Commission for Basic Systems has overall responsibility for
the RRR. The bulk of the work is done through the
Open Programme Area Group on Integrated Observing
Systems (OPAG-IOS), which consists of a number of
Expert Teams and formal and informal interfaces to other
relevant entities inside and outside the WMO structure,
e.g. technical commissions and regional associations.
The RRR4 process builds on two cornerstones:
• A regularly updated database listing observational
data requirements for all application areas supported
by WMO Programmes; and

4

www.wmo.int/pages/prog/www/OSY/Documentation/RRRprocess.pdf
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• An updated database of all observational capabilities
available to WMO Members and partners through the
WMO Integrated Global Observing System (WIGOS).
The contents of these two databases are matched
against each other annually to provide a gap analysis,
the results of which are provided in Statements of
Guidance (SoG) for each application area. The SoGs
information is of a tactical nature and useful for both
application experts and observing system developers
and providers. For the former user group they serve
as a brief introduction to the relevant observational
capabilities, while for the latter they serve as an easily accessible reference listing the most important
shortfalls of GOS at any given time.
Complementing the tactical guidance of the SoGs are
two key documents of a more strategic nature: The WMO
Vision for the GOS5 and the Implementation Plan for the
Evolution of the Global Observing System (EGOS-IP).6
The former provides a broad outline of observational
capabilities that are expected to be available to the
operational users roughly 15 years into the future (the
current version at the time of writing addresses the 2025
time frame), while the latter provides a detailed list of
actions that will need to be taken in order to realize the
Vision. Both documents were endorsed by the Commission for Basic Systems and subsequently adopted
by the Executive Council as official WMO positions.

Evolution of GOS components and
future outlook
Aircraft-based observations and AMDAR
The ties between the meteorological and aviation communities are long-standing, close and mutually beneficial.
While it is obvious to most that Air Traffic Management
and airline operations depend heavily on meteorological
information and forecasts to ensure both passenger
safety and economic efficiency of flight operations, it
is not common knowledge that the aviation industry
provides valuable data and information in support of
meteorological and climatological applications.
Initially this provision of data was limited to little more
than logged information from simple meteorological
instruments and oral feedback from pilots regarding
weather phenomena and conditions encountered during
flight. Later, with the advent of radio communication and
more sophisticated onboard equipment and avionics,
5

www.wmo.int/pages/prog/www/OSY/WorkingStructure/
documents/CBS-2009_Vision-GOS-2025.pdf

6

www.wmo.int/pages/prog/www/OSY/Publications/
EGOS-IP-2025/EGOS-IP-2025-en.pdf

The WMO Space Programme
The WMO Space Programme was established in order
to coordinate environmental satellite matters and
activities throughout all WMO Programmes. Its main
goals are to facilitate and promote the meaningful
use of satellite data and products around the globe.
The Space Programme places particular emphasis on
maintaining the continuity of essential space-based
observations for Numerical Weather Prediction and
nowcasting, setting up a sustainable space-based
observation system for climate monitoring, and
expanding the use of satellites across WMO Regions
and application areas.

The Space Programme also supports global coordination of long-term plans in order to maximize the
benefits of the diversity of satellite missions that are
being planned for the coming decades and ensure
an adequate sampling of atmospheric phenomena
and other environmental parameters. This may lead
to a review of the nominal locations of operational
geostationary satellites over the Equator and the
distribution of low Earth orbit missions among the
various Equatorial Crossing Times and among non
sun-synchronous orbits.

The space-based observing system, initially established for operational meteorology, has considerably evolved to become the broader space-based
The Space Programme supports dialogue and coop- component of the WMO Integrated Global Observing
eration among satellite operators to ensure that the   System (WIGOS) that addresses the WMO obserobservational requirements of users are taken into vational needs related to atmosphere, ocean and
account in the best possible way in current operations terrestrial surfaces, with particular emphasis on
as well as in long-term plans (this is done through the climate monitoring and disaster risk reduction. The
GOS Rolling Requirements Review process). Such Programme plays an active role within the World
international cooperation has enabled the Coordination Weather Watch, the Global Atmosphere Watch
Group for Meteorological Satellites (CGMS) to develop (GAW), co-sponsored programmes such as the
contingency plans whereby satellite operators provide Global Climate Observing System (GCOS), internaback-up for each other in order to help to meet the tional bodies such as the CGMS and its international
fundamental requirements for operational continuity science working groups, and the Committee on
of core operational missions.
Earth Observation Satellites (CEOS).
The Global Space-based Inter-Calibration System
(GSICS), which is now in a pre-operational stage, aims
to provide an accurate and consistent calibration of
radiometric measurements on a routine basis from
all satellites as required to ensure interoperability,
consistency and traceability of space-based observations, in particular for climate modelling and climate
trend detection.

A priority objective for the Space Programme is the
development of the Architecture for Climate Monitoring from Space to ensure sustainable space observation of the indicators and driving factors of climate
change as well as to ensure that these observations
are incorporated in end-to-end validated processes
leading to the delivery of climate information and
services under the GFCS.

Space-based components of the Global Observing System
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Numerical weather prediction
The worldwide numerical weather prediction (NWP)
community is a crucial partner of WMO in the development of GOS, and the mutual benefits of this partnership are well recognized by both sides. NWP skill
has been improving gradually over several decades,
driven by multiple factors such as the rapid escalation
of computing power and better understanding and
characterization of atmospheric processes. In recent
years, satellite data have contributed significantly to
further improving the performance of NWP systems,
particularly on the global scale, hereby extending lead
times for forecasts and warnings. This is especially
evident in the Southern Hemisphere where conventional, surface-based observations are scarce and
satellite data fill a substantial data void.
NWP is foundational to most weather and climate
prediction activities. It provides unequivocal measures
of information content for those observations that
are assimilated into NWP models. Therefore, NWP

such reporting was standardized and eventually automated into AIRcraft REPorts (AIREPS).
For decades, atmospheric scientists have utilized aircraft as platforms to collect upper-level atmospheric
data. In the early 1970s, this led to the development of
continuously automated, operational programmes of
measurement of particular atmospheric variables from
commercial aircrafts in a collaborative effort between
aviation and meteorology.
The first measurement programme of this type was the
aircraft to satellite data acquisition relay (ASDAR), which
involved the fitting of a data acquisition and communications package to the aircraft fuselage. This gave way in the

39 Kft

28 Kft

16 Kft
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Depiction of global aircraft-based observations coverage
over a 24-hour period in December 2012.
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diagnostics aimed at assessing the contribution to
prediction skills of individual observing systems are
relied upon extensively in developing both the Statements of Guidance as well as more strategic documents.
Since 1997, WMO has sponsored a series of “Workshops on the Impact of Various Observing Systems on
NWP.” Over the years these meetings have evolved to
become the primary international venue for presenting and comparing impact studies. The meetings are
attended by major NWP centers, scientific experts
and data provider representatives, and they remain
one of the primary means through which the Open
Programme Area Group on Integrated Observing
Systems solicits user input regarding objective measures of the impact of observations.
Objective assessment methodologies are advancing
understanding of the relative contributions of various
observing systems to NWP and thereby helping to
inform on important decisions regarding the relative
investment in observing networks.

1980s to the aircraft meteorological data relay (AMDAR),
which provides observations from sensors and avionics
and communications systems that are integrated into the
aircraft’s systems – no modification to the airframe or its
systems are required. This major advantage greatly facilitated AMDAR’s rapid growth over the last two decades
to become an important component of GOS. Around 40
airlines and over 3 000 aircraft now contribute more than
300 000 high-quality observations per day of temperature
and winds and other important quantities, including humidity. AMDAR observations are supplemented by additional
automated meteorological observations made from the
aircraft platform as a by-product of systems instituted by
the International Civil Aviation Organization such as the
Automatic Dependent Surveillance.
The availability of such valuable data from the aircraft
platform is expected to grow exponentially in the future
to provide improved global upper-air coverage. The
expected increase in humidity measurements from aircrafts could potentially improve airline operations and
have environmental benefits through applications such as
water vapour contrail avoidance, possible icing warnings
and fuel efficiency improvements.
Measurements of other atmospheric constituents of
significance to aviation and the environment, such as
volcanic ash, carbon dioxide and methane, are in the
early stages of implementation and are expected to
develop further.

Progress in Nowcasting

Daniel Michelson, Alan Seed and Mark Curtis

On very short-range forecast and warning timescales, observations have a special importance.
On such scales, the primary source of information
used by the forecaster shifts from model output
towards the observations themselves. Techniques
have been developed for integrating, interpreting
and projecting information from weather radars and
other surface-based observing systems together with
high temporal resolution satellite imagery in order
to provide very short-range forecasts, or nowcasts.
The full value of such short lead-time products is

realized only when those affected by the warning
are able to receive and respond to them in a timely
manner. In high-density urban settings and where
severe weather threatens high-value enterprises,
such as mining and transport as well as human
safety, even a partial response can yield significant
benefits. While many developing countries still lack
the capability for a full response, activities such as
the Severe Weather Forecast Demonstration Project
(SWFDP), and the pending widespread availability of
high temporal and spatial frequency geostationary
satellite data will enable yet another step forward
in capability.

Severe storms over and near Brisbane, Queensland, Australia on 18 November 2012, as captured by three
weather radars in the national network. These storms developed rapidly and produced hailstones larger than golf
balls in several places along with flash flooding. (Data processed by the BALTRAD toolbox jointly by the Swedish
Meteorological and Hydrological Institute and the Australian Bureau of Meteorology.)

Weather radars (precipitation)
Weather radar networks have continued to grow
– approximately 1 000 are operated by National
Meteorological and Hydrological Ser vices – yet
significant land areas remain uncovered. On the
technology side, signal processing sof tware and

capacity have improved considerably, and the shift
towards using polarimetry in all new installations is
ongoing. After several decades of intensive research
work, polarimetry is now ready for operational use with
expected benefits in the classification of echoes, in
the removal of non-meteorological echoes from data,
and in providing better correction for hydrometeor
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attenuation at the C- and X-bands, which will lead to
improved rain rate estimation.
An important factor contributing to the growth of the
weather radar network is the growing interest in using
X-band radars as a part of operational systems to improve
coverage, for example, in mountainous regions or within
urban areas, especially in hydrological applications
related to flash flooding. One of the benefits of X-band
is the lower cost of systems and infrastructure.
The use of radar data in NWP models has increased,
and radar-derived rain intensities, radar reflectivities,
radial wind data and derived vertical wind profiles are
now used for both assimilation and verification, and
have been shown to improve the predictive skill of the
models. The international exchange of these data is a
prerequisite for further developments.

The US National Oceanic and Atmospheric Administration set up the first operational profiler network in
the mid-1990s using UHF radars (404 and 449 MHz).
Since then, additional networks have been installed in
Europe and Asia. The growing number of installations
has led to an increase in the use of radar wind proﬁler
data in data assimilation for NWP purposes in the last
decade. A study by the UK Met Office showed that the
assimilation of radar wind proﬁler data clearly reduced
the forecast error in both global and high-resolution
models, with a positive overall impact even exceeding
that of radiosonde observations.
The high-resolution observations provided by radar
wind profilers are especially well-suited to describe the
atmospheric state at the mesoscales and finer, where
other observational data tend to fall short. It is expected
that the impact of radar wind proﬁler data will be even
higher for mesoscale models.

Wind profilers

MeteoSuisse

Ground-based remote measurements of the vertical proﬁle
of the horizontal wind vector in the atmosphere by wind
proﬁler were first demonstrated in the early 1970s and
have undergone continued development and improvement since. The main advantage of wind proﬁlers is their
ability to provide vertical proﬁles of the horizontal wind
at high temporal resolution in nearly all meteorological
conditions, whether cloudy or clear, without the need
for additional, a priori, information. No other remote
sensing instrument has similar capabilities. Comparisons
have shown that the accuracy of a well-operated and
maintained wind proﬁler is at least comparable to that
of radiosonde wind data, if not better. Wind proﬁlers are
now widely used both in operational meteorology and
for research purposes.

A 5-panel wind profiler in
Payerne, Switzerland
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Ground-based Global Navigation Satellite System
(GNSS) data
There is a continued lack of humidity observations in
the meteorological observing system, and in recent
years ground-based GNSS data (Zenith Total Delay,
or ZTD) has been gaining ground as a remedy. Most
GNSS sites are installed for positioning purposes, and
for the operators and primary users the atmospheric
delay is thus a noise term. However, the ZTD measurement scan can be converted into estimates of column
atmospheric water vapour above the GNSS site, which
can then be delivered in near real-time for operational
meteorological applications.
Production of near real-time ZTD estimates requires a
close collaboration between geodesy and meteorology.
In the future, it is likely that benefits will flow both ways in
that meteorological information will help further improve
GNSS positioning. The two most familiar GNSS systems are
the US GPS system and the Russian GLONASS. However,
new European and Asian systems are on the way. This will
improve the quality of ZTD estimates, and enable new,
more detailed GNSS atmospheric products to be produced
for meteorological usage (ZTD gradients, slant delays,
tomographic reconstruction of the water vapour field).
Since the start of the millennium the “GNSS NRT ZTD
network” has increased tremendously. It is estimated
that data from 4 000 to 5 000 sites are currently available,
with the majority coming from high-density networks
in Western Europe, North America and Japan. A strong
increase is expected over the next few years. European
ZTD data are distributed via GTS as additional data;
however, the exchange of such data still needs substantial
improvement on the global level.

ZTD observations are unique among meteorological
data, in that the quality of GNSS ZTDs improve with
time, from real-time, to near real-time, to post processing, and finally to re-analysis. This is due to the fact
that additional and better information about the state
of the GNSS system itself becomes available over time,
based on measurements rather than on predictions.
This opens the possibility of generating higher quality
products with higher data latencies, specifically intended
for climate applications.
Marine observations
Both dedicated marine meteorological applications
and weather and climate applications, more generally,
rely heavily on in situ and satellite meteorological and
oceanographic observations in the marine environment.
In situ marine observations also provide ground truth
for the validation of satellite observations and make
measurements not yet obtainable by other means.
For decades ships were the only means of obtaining
such observations, but with the advent of WWW other
types of observing platforms were developed. These
include dedicated ocean weather ships, drifting buoys,
wave buoys, meteorological and oceanographic moored
buoys, tide gauges, Tsunami monitoring platforms
(monitoring both sub-sea earthquakes and surface
Tsunami waves), and more recently Argo deep ocean
profiling floats, ocean surface and sub-surface gliders,
and High Frequency (HF) coastal radars monitoring
waves and ocean surface currents.
Looking at the evolution of the availability of marine
meteorological climate data from various observing
platform types in the last 75 years (below), it can be seen
that since the establishment of the WWW, there has been
an impressive increase in the number of observations
collected, from about 1.5 million to more than 9 million.
While ship data has decreased substantially, this has
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In the last ten years, substantial efforts were made
internationally through WMO, but also in partnership
with the Intergovernmental Oceanographic Commission
(IOC) of UNESCO, to develop and implement marine
meteorological and ocean observing systems in a more
coordinated way. Today, 62 per cent of the initial composite ocean observing system has been completed, and
three components have achieved their initial implementation target: the drifting buoy array (September 2005)
with 1 250 units, the Argo profiling float programme
(November 2007) with 3 000 units and the VOS Climate
Project fleet (June 2007) with 250 VOSClim ships.
Looking into the future, there are emerging requirements
for new technologies and for observations of additional
quantities, especially biogeochemical variables. New
types of ocean observing platforms are expected to be
increasingly used, e.g. surface wave gliders, sub-surface
gliders, marine animal mounted observing platforms,
and bottom-based observing platforms connected to
old submarine telecommunication cables.

Benefits to the end-users
The end-user benefits of the WWW are as diverse as
improved agricultural efficiency and productivity, reduction of urban pollution, and human health improvements
associated with better-managed environmental systems.
Equally important are the scientific foundation of the
product generation and the service delivery mechanisms that ultimately enable National Meteorological
and Hydrological Services to provide improved and
targeted outputs tailored to end-users. These must be
jointly credited to all components of the WWW; however,
there are some notable areas of achievement that can
be more specifically attributed to the GOS.
All stages of the Disaster Risk Reduction (DRR) cycle –
plan, prepare, predict, respond, recover, review – benefit
from the GOS. Not only do the concepts of integration and
network design stand behind the multi-hazard approach,
but without the worldwide integration provided by the
GOS, local observations would at best inform local decisions only. The ability to confidently mobilize regional
and international responses to disasters hinges on the
reliability and trust engendered by the routine observations provided 24 hours per day, 365 days per year by
the GOS and their prompt exchange through the GTS.
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been off-set by the increase of observations produced
from drifting and moored buoys.
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2007

Historical marine meteorological climate data of various
types from the ICOADS since 1937.

The long-term observational data record provides the
strongest evidence of global climate change. While the
satellite system was given little credit in the past for its
ability to monitor change extending beyond the life-time
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of a single satellite, both the space- and surface-based
components of the GOS are now recognized as being
capable of recording and documenting real measures
of the temporal trends and geographic distribution of
global climate change. The global, high-level political
attention now focused on understanding and addressing the impacts of climate change provides tangible
evidence of the value of international cooperation on
observing systems. This level of attention, reflected
also in international mechanisms to understand and
address global climate change such as the Intergovernmental Panel on Climate Change and the United Nations
Framework Convention on Climate Change, would not
have materialized without internationally negotiated
and agreed observing and reporting standards, and
the establishment and maintenance of global observing systems, including high-quality baseline networks.
Monitoring the nature and the impact of climate change
requires the continued development and strengthening of internationally coordinated observing systems
exemplified by GOS.
The fact that application areas well beyond weather prediction have benefited from the Global Observing System
clearly shows that GOS is not just about weather: it also
provides an example and a solid base on which to build
even more comprehensive observational programmes.
GOS contributes directly and indirectly to economic
growth and prosperity due to the many and diverse
economic sectors that rely on timely and reliable weather
and weather forecast information for decision-making
on a wide variety of time scales. It plays a critical role
in protecting life and property.

The way forward: Integration
The concept of integration has been central to GOS
from its beginning, bringing together and optimizing
the contributions of many diverse space-based and
surface-based component observing systems into
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a composite system of systems. Over the last two
decades, NWP has revolutionized the assimilation of
observations on a variety of temporal and spatial scales
and has delivered further value from integration at both
a system and data level. This development has facilitated
the extraction of added value from observations and
the identification of those observations that carry the
largest information content. The requirements of different application areas can now be met more efficiently
and in an integrated way using a mix of composite and
complementary systems that capitalize wherever possible on the “observe once, use many times” principle
while the Rolling Review of Requirements process will
help identify the unique additional measurements
required to satisfy unmet needs.
GOS is now part of the WMO Integrated Global Observing System (WIGOS), an even more broadly integrated
approach to observations, which will enable more
Members and communities to benefit from its systematic
and comprehensive approach to meteorological observations. WIGOS is aimed at providing a more coordinated
approach to all observing systems supported by WMO
and its Members, extending the system of systems
approach already established within GOS to other systems such as the Global Atmosphere Watch (GAW), the
World Hydrological Cycle Observing System (WHYCOS),
the Baseline Surface Radiation Network (BSRN) and
the Global Climate Observing System (GCOS). WIGOS
is intended to be a comprehensive, coordinated and
sustainable system of observing systems and, together
with WIS, aims to improve the ability of WMO Members
to provide a wide range of observation-based services
and to better serve the needs of relevant research programmes. WIGOS is also an important WMO contribution
to the Global Earth Observation System of Systems
(GEOSS), to which WIGOS brings all the capability and
experience of WWW, the integrated and systematic userdriven approach of the GOS, the connection to users,
and the spirit of voluntary international cooperation
and collaboration.

NOAA’s Eyes in the Sky
After five decades of weather forecasting
with environmental satellites, what do future
satellites promise for meteorologists and
society?
By Derek Hanson1, James Peronto2, Douglas Hilderbrand3

While today’s environmental satellites serve many
important functions, one of the most critical is to provide
meteorologists with data that are crucial to making
accurate, life-saving weather predictions. These “eyes
in the sky” constantly orbit above us. They make atmospheric observations that are ingested into numerical
weather prediction (NWP) computer models and provide
meteorologists with images of weather phenomena
that allow them to monitor storms around the globe,
identify volcanic ash and smoke from wildfires, and
track hurricane development. For all of these reasons,
the US National Oceanic and Atmospheric Administration (NOAA) has long recognized that environmental
satellites are essential to meeting its mission to protect
life and property, and why it will continue to maintain
and improve this critical capability.123
When the World Weather Watch (WWW) was established in 1963, however, environmental satellites were
still in their infancy. Without the benefit of global
coverage and near constant sampling of the Earth’s
atmosphere, meteorologists relied on sporadic data
from weather balloons, experience of past events,
and reports from meteorologists closer to weather
events of concern “upstream” from their location.
Few observations existed across large expanses of
the Earth’s oceans and sparsely populated regions,
leaving meteorologists with little of the information
they needed to make accurate forecasts. The five
decades since 1963 have seen great advancements in
the capabilities of environmental satellites, as well as
in the abilities of the scientists to use them, and today
we are on the cusp of an exciting new generation of
environmental satellites.
1
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In this article, we will first discuss the use of environmental satellites by meteorologists for weather
forecasting, from both polar-orbiting and geostationary
environmental satellites. Next, we will discuss the evolution of environmental satellites in the United States,
from essentially a camera in space to today’s extremely
capable sampling and imaging devices. Finally, we will
conclude with a discussion of the next generation of US
environmental satellites, and what these improvements
will mean to meteorologists and the public they serve.

Weather forecasting with environmental
satellites
Environmental satellites provide various types of data to
meteorologists and are flown in different orbits in space.
Below is a discussion of the types of data collected by
environmental satellites, followed by an overview of the
two principal orbits flown by environmental satellites
and the capabilities provided by flying each.
Imaging and modelling
An obvious and unique capability of environmental satellites is their perspective – from space, satellites can see
the Earth from afar, allowing meteorologists to watch
storms and their development through the movement of
clouds and water vapour. We refer to this capability as
“imaging.” While imaging provides valuable information
for all types of storms, this ability was extremely notable
early in the development of environmental satellites for
use in forecasting and monitoring hurricanes. Without
it, prediction of powerful storms over the oceans was
difficult, sometimes leading to disastrous outcomes.
One well-known example, the 1900 Galveston Hurricane, struck residents in Galveston, Texas, without
warning. Relying mainly on reports from land sources
and a few ships at sea, forecasters in Galveston had
little ability to know its precise location in the Gulf of

WMO Bulletin 62 (1) - 2013 | 17

Mexico or to accurately predict its future movement in
order to warn residents. Thus, the powerful  Galveston
Hurricane caused an estimated 8 000 deaths, making it
the deadliest hurricane in US history.
Imagery is not the only valuable capability provided
by environmental satellites. Satellites are vital to the
operation of NWP models, which need atmospheric
observational data to function. NWP models, such as
the US Global Forecast System (GFS) or the European
Centre for Medium-Range Weather Forecasts (ECMWF)
model, take these atmospheric data, create a snapshot
of the current atmosphere, and run highly complex
calculations to predict what the atmosphere will do next.
Meteorologists then use the NWP model outputs, called
“forecast guidance,” to help aid them in preparing their
weather forecasts. This approach has revolutionized
weather forecasting, resulting in dramatic improvements
in forecasting accuracy.
To be effective, NWP models require an accurate
understanding of the current state of the atmosphere,
including its temperature, pressure and water vapour
at different levels of the atmosphere and from around
the Earth. Polar-orbiting environmental satellites from
NOAA and the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT), with
their ability to rapidly sample the atmosphere around
the entire globe, are the primary data sources used
by these NWP models and are critical to their forecast
accuracy at three days and beyond. “Sounders,” a type
of radiometer instrument flown on these satellites, are
able to provide the vertical profiles of temperature,
pressure, and water vapour needed by NWP models.
While other critical sounding data come from weather
balloons and other sources, nothing is able to match
the ability of environmental satellites to provide an
accurate and complete sampling of the Earth’s entire
atmosphere and ocean temperatures.
Polar-orbiting and geostationary satellites
Polar-orbiting satellites orbit the Earth at just over
800 km above the surface, circling over the North and
South Poles approximately every 100 minutes. With the
Earth spinning beneath these low altitude satellites, the
satellites cover a different strip of its surface in each
orbit, eventually sampling the entire planet. While these
satellites also provide imagery, their sounders produce
highly accurate profiles of the Earth’s atmosphere and
ocean temperatures that are ingested into NWP models.
Geostationary satellites orbit the Earth at over 35 000 km
above the Equator, spinning at the same speed as the
Earth. This allows them to appear to hover over the same
portion of the Earth and to provide constant monitoring
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of rapidly developing weather. These geostationary
satellites are principally used to provide images of the
Earth, which when looped together, allow meteorologists and the public to see the growth and movement
of clouds and storms in the atmosphere. This information is especially critical for short-term forecasting, or
nowcasting, of severe weather.  

Brief history of environmental satellites
Polar-orbiting satellites

The first image broadcast from TIROS-1 the first US
environmental satellite in 1960.

On 1 April 1960, the US launched the world’s first weather
satellite: the Television Infrared Observation Satellite-1
(TIROS-1). This satellite weighed only 122.5 Kg, and
carried two cameras and two video recorders. While
it only flew for 78 days, the images it beamed back to
Earth proved that satellites could play a useful role in
weather forecasting. TIROS-1, along with other early
TIROS satellites, demonstrated the utility of satellites
for weather forecasting and helped garner support for
new launches and continued operation of environmental
satellites for weather forecasting.
New generations of polar-orbiting satellites, each with
important technological advancements, continued to
be developed and launched after those early missions.
In 1978, an important new generation of polar-orbiting
satellites was launched, the Advanced TIROS-N series,
followed in 1998 by the latest generation of polar-orbiting
environmental satellites, now called Polar-orbiting Operational Environmental Satellites (POES). In addition to flying
sounders and imagers, POES satellites are also part of the
international Search and Rescue Satellite-Aided Tracking
system, or SARSAT, and fly special, internationallyprovided instruments that detect the location of distress
signals from emergency beacons on planes, ships and
boats, and stranded hikers. In 2012, more than 250 rescues
benefited from the help of SARSAT. The last POES satellite, known as NOAA-19, was launched in February 2009
and continues to provide crucial data to NWP models.

The NOAA/NASA4 Suomi National Polar-orbiting Partnership (Suomi NPP) mission, launched on 22 October 2011,
is a bridge between NOAA’s POES spacecraft (and
NASA’s legacy Earth observing missions) and NOAA’s
next-generation Joint Polar Satellite System (JPSS). As
Suomi NPP is the first to fly the groundbreaking new
instruments that JPSS will use operationally, it will be
addressed in greater detail in the discussion of the next
generation of environmental satellites.
Geostationary satellites
On 6 December 1966, the US launched the first environmental satellite to geostationary orbit: the Applications
Technology Satellite-1 (ATS-1). The spin scan cloud

January 2011 snowstorm, one of the three types of images
provided by GOES satellites

allowed NOAA to achieve the two-satellite constellation
in geostationary orbit that it still uses today – with one
GOES satellite serving as GOES-East, covering the
eastern half of the US and most of the Atlantic Ocean,
and the second GOES satellite operating as GOES-West,
covering the western half of the US and much of the
Pacific Ocean and Hawaii. Today, GOES-13, launched in
2006, operates as GOES-East, and GOES-15, launched
in 2010, operates as GOES-West. NOAA keeps a spare
geostationary satellite in orbit over the central US, which
today is GOES-14, which can be activated if one of the
operational GOES experiences trouble.

A bright future for environmental satellites
Artist rendering of the JPSS satellite

camera on ATS-1 produced visible images of the Earth
every 20 minutes, and because the satellite was stationary
with respect to the Earth’s surface and could see such
a large amount of its surface, sequencing these images
allowed scientists to track the large-scale movements of
clouds. Additional ATS satellites were launched through
the mid-1970s, each demonstrating new instrument
technologies. The series culminated with ATS-6, the first
geostationary weather satellite to be stabilized, instead
of spinning like a top. This advancement allowed ATS-6
to view the Earth’s surface constantly, rather than only
when the spinning instrument was facing Earth.

While the five decades since the establishment of the
WWW have seen incredible advances in environmental
satellites and their use, we are entering an exciting age
of more capable and advanced environmental satellites
that will provide meteorologists in the US and around
the world with the tools they need to do their job more
effectively. Here is a look at the next generation of both
polar-orbiting and geostationary environmental satellites.
Suomi NPP and the Joint Polar Satellite System (JPSS)
As mentioned before, the successful launch of a new
polar-orbiting environmental satellite on 28 October 2011,

In the early 1970s, meteorologists began using imagery
from ATS satellites. Following the success of this use,
NOAA and its close partner, NASA, began developing
the Geostationary Operational Environmental Satellite
(GOES) programme to create an operational geostationary satellite programme. GOES-1 was launched in
1975, and it also included a radiometer that allowed for
day and night observations. GOES-2, launched in 1977,
4

US National Aeronautics and Space Administration

A “ full disk” image (as opposed to a zoomed-in image) from
the GOES-East satellite.
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Suomi NPP, created a bridge between NOAA’s POES
(along with NASA’s Earth observing missions) and the
next generation of polar-orbiting environmental satellites, the Joint Polar Satellite System (JPSS). Suomi NPP,
which weighs about 2 000 kg and is the size of a large
van, is being used operationally by NOAA to continue
issuing accurate forecasts and advance warnings for
severe weather such as deadly tornado outbreaks and
floods, blistering heat waves, paralyzing snowfall, and
raging wildfires.
Nearly all of Suomi NPP’s instruments are more advanced
versions of those flown on POES satellites, which were
designed using technology developed in the late 1980s
to early 1990s. The five key instruments include two
sounders, the Advanced Technology Microwave Sounder
(ATMS) and Cross-track Infrared Sounder (CrIS), along
with the Visible Infrared Imaging Radiometer Suite (VIIRS),
Ozone Mapping and Profiler Suite (OMPS), and Clouds
and the Earth’s Radiant Energy System (CERES). NOAA
feeds data collected from these instruments into NWP
models and uses the data to generate dozens of additional

The first image produced by the Suomi NPP visible imager
instrument, showing the swath of Earth visible in each pass
of a polar-orbiting satellite.

products, including measurements of clouds, vegetation,
ocean colour, and land and sea surface temperatures.
NOAA and NASA are using the lessons learned from
Suomi NPP as they build and prepare for JPSS-1. The
instruments flown on Suomi NPP will also be flown
on JPSS-1, which is scheduled for launch in 2017. We
are just beginning to see the benefits and new uses of
these data, and from what we have already seen, the
JPSS programme is expected to bring huge benefits to
meteorologists and to the societies they serve.
GOES-R

Suomi NPPimage of Hurricane Sandy taken at night, showing
city lights and the clouds of Sandy lit by moonlight

Infrared image of Sandy from Suomi NPP”
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NOAA and NASA, as partners, are also developing the
next generation GOES satellites, the GOES-R Series. The
first of these advanced geostationary environmental
satellites is scheduled for launch in late 2015. These
satellites promise to have four times the clarity of current
GOES satellites and to provide more than 20 times the
amount of data. The GOES-R Series will consist of four
satellites – GOES-R, -S, -T, and –U, which will extend
the GOES operational lifetime through to at least 2036.
The GOES-R Series will usher in a new era for geostationary environmental satellites, providing continuous
imagery and atmospheric measurements of the Earth’s
Western Hemisphere. GOES-R’s improved instruments,
primarily its Advanced Baseline Imager (ABI), will provide
significant advances in imaging capabilities that will
provide three times more spectral information, four
times the spatial coverage, and five times the temporal
resolution compared to the current GOES imagers. A
new Geostationary Lightning Mapper instrument will

allow continuous and near real-time surveillance of total
lightning activity from the middle of the Pacific Ocean
to the middle of the Atlantic. Additionally, the GOES-R
Series will provide significant enhancements in solar
monitoring and space weather forecasting.
From tracking hurricanes in the Atlantic Ocean to severe
weather in the Great Plains of the central US, the GOES-R
series of geostationary environmental satellites represents a significant improvement over the current
capabilities of NOAA’s geostationary satellites. GOES-R,
together with the improvements in polar-orbiting satellite
capability brought by Suomi NPP and JPSS, will provide
noticeable improvements to meteorologists and those
that rely on their forecasts.
Other environmental satellites
In addition to the traditional polar-orbiting and geostationary environmental satellite missions, the future
promises to bring advancements from new types of
environmental satellite data. Many exciting satellites
are already in orbit, and scientists and meteorologists
are learning new ways to incorporate their data into
forecasts.
One notable example is the Jason series of satellites.
Principally a sea surface topography mission, Jason-2
is an international mission that flies an altimeter that
provides high-precision measurements of sea surface
height. Because the temperature of the ocean and
ocean currents can change the height of the sea and
these characteristics can affect the world’s weather,
including tropical storms, Jason-2 has been crucial to
improvements in weather modeling and tropical storm
intensification forecasting. Its follow-on, Jason-3, is
currently under development.
An additional example is the Constellation Observing System for Meteorology, Ionosphere, and Climate
(COSMIC), an international mission that uses six micro
satellites equipped with advanced GPS radio occultation

receivers. By measuring deviations of GPS signals
caused by temperature and moisture gradients in the
atmosphere, data from these satellites are able to provide
very accurate vertical profiles of temperature and moisture. When ingested into NWP models, this additional
data has proven capable of improving model accuracy.

Improved satellites and weather forecasts
Since the founding of the WWW, we have come a long
way in weather forecasting. Increases in computing
power, improvements in communications and the development of NWP models have all changed the way
meteorologists practice their craft. However, perhaps
no change has had as big of an impact on weather
prediction as the invention and improvement of environmental satellites.
Since environmental satellites first flew over 50 years
ago, vast improvements in their reliability, coverage
and capabilities have enhanced understanding of the
composition of the atmosphere in real time and the tracking of severe weather in ways once thought impossible.
Important international collaboration in environmental
satellites, with partners in Europe, Asia and other continents, continue the long tradition of international collaboration in weather observations and has allowed these
improvements to benefit societies around the world.
And thankfully, the future of environmental satellites
looks promising. While fiscal difficulties have impacted
many governments and present real challenges to the
ability to prevent gaps in critical satellite coverage, the
United States and other nations have not questioned the
need to maintain the environmental satellite coverage
critical to weather forecasting and the protection of life
and property. NOAA’s next generation of environmental
satellites, JPSS and GOES-R, together with the use of
new forms of satellite technology, promise continued
advancements in the capabilities of environmental satellites for the decades to come and improved weather
forecasts for the public.
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The Tiksi International
Hydrometeorological
Observatory
An Arctic members Partnership

by Taneil Uttal1, Alexander Makshtas2� and Tuomas Laurila3�

The global community has recognized over the last few
years the importance of the weather and climate of the
Earth’s Polar Regions. Particularly sensitive to human
activities, the Polar Regions have also demonstrated
the potential for impacting reciprocally on the livability
of the more heavily populated lower and mid-latitudes.
In response, the WMO Polar Observations, Research
and Services (PORS) was developed to “…promote and
coordinate relevant programmes that are carried out
in the Antarctic and Arctic regions by nations and by
groups of nations.”4 The Polar Activities resolution of
the WMO Executive Council Panel of Experts on Polar
Observations, Research and Services also encourages
“Members, particularly those that have operational
activities in Polar Regions, to consider the possibility
of cooperating with other Members in sharing the costs
of re-opening and operating previously functioning
stations, in expanding existing stations or in deploying
new observing and communication systems.”5 The
Tiksi International Hydrometeorological Observatory
in the Russian North on the shore of the Laptev Sea is
a unique example of the kind of multi-national effort
that is recommended by the Polar Activities resolution.
123

The impetus for the Tiksi Observatory planning, which
preceded the resolution, was the International Polar Year
– actually a two-year period between March 2007 and
March 2009. The Russian Federal Service for Hydrometeorology and Environmental Monitoring (Roshydromet)
submitted a focused proposal to the International Polar
Year committee entitled “Developing the Atmospheric
1

NOAA Earth Systems Research Laboratory, Taneil.Uttal@
noaa.gov
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Roshydromet Arctic and Antarctic Research Institute, maksh@
aari.ru

3

Finnish Meteorological Institute, Tuomas.Laurila@fmi.fi

4
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Observatory of Climate Monitoring in Tiksi,” which the
committee clustered with related Arctic observatory
proposals under the umbrella activity “International
Arctic Systems for Observing the Atmosphere.” As a
result, the modernization and integration of the Tiksi
Station into a pan-Arctic observing network became a
priority not only for Russia but also for US and Finnish
agency partners who also recognized the requirement
for a broad spectrum of regionally specific Arctic observing perspectives.

The original Polyarka Station
The existing “Polyarka” Station, which served as the
foundation for the new Tiksi Observatory, is seven
km from the town of Tiksi and has long been a site of
important environmental measurements. Established
in 1932, the Station is the location of one of the longest
environmental records in the Arctic. During its operating zenith in the 1960s to 1980s, Polyarka had 50-80
scientists, engineers, technicians and their families living
on-site. It had its own kindergarten, grocery store and
boiler station. There were several distinct departments
with different observing responsibilities. Observations
were made of surface meteorology, including air and
surface temperatures, humidity, wind directions/speeds,
pressure and precipitation; these were augmented by
additional measurements of snow depth and daily solar
radiation. Records were kept of visibility and cloud cover
at first with visual observations then with additional
instrumented observation starting in 1967. In 1966,
surface meteorological observations were increased to
an intensive eight times a day schedule. Atmospheric
ozone measurements began in 1993. Upper-atmosphere
observations were initiated when the Station opened in
1935 and since 1946 there has been a WMO standard
2 times/day launch programme. Polyarka Station was
also a central communications collector station that
ingested regional meteorological data being transmitted

Sodankylä, Finland

Abisko, Sweden
Pallas, Finland

Ny-Alesund, Svalbard

Summit, Greenland
Station Nord, Greenland
Alert, Canada
Eureka, Canada

Tiksi, Russia
Cherskii, Russia

from a number of surrounding and even more remote
weather stations scattered through the northern Yakutia
region of Russia.
The characteristics of the shore-fast ice and underlying
waters of the Sogo bay were also regularly measured,
including sea surface temperature, salinity, sea surface
level and the morphological characteristics of fast ice,
snow cover and local sea ice extent over space and time
in the winter. A fully digitized archive of these multidecadal data sets has been laboriously created from
the hand written records, and the original methods and
standards for measuring atmospheric and oceanographic
environmental parameters have been supplemented
rather than replaced with modern observing instruments.
Digital archives have also been created containing the
long-term meteorological data for 18 stations in the
region surrounding Tiksi to provide additional context
about regional climate.
These consistent and continuous records of the atmospheric and oceanic environment at the Polyarka Station
and surrounding areas provide an invaluable foundation
for interpreting the new modern measurements that are
being implemented as a part of the Tiksi Observatory
Programme. The dedication of countless weather station personnel that contributed to these decadal long
environmental records in one of the most inhospitable
regions of the planet is almost impossible to imagine.

Barrow, Alaska

During the 1990s the Polyarka Station was forced to
considerably scale back activities due to economic
restrictions and it regressed to a simple outpost weather
station. This situation persisted until 2005 when a Russian, US and Finnish team of programme managers
and scientists visited Polyarka to assess the site and
discuss the possibilities of an international partnership
to modernize and revitalize the station as an International
Atmospheric Observatory.

The planning and implementation process
Although the Tiksi International Hydrometeorological Observatory project was conceived as part of a
grand international scientific concept articulated by
the International Polar Year, it was only made possible
by a framework of Russian and US policies and bilateral agreements. The official project “Establishing
a Modern Weather Station and Research Observatory
in Tiksi, Russia” was defined under a Memorandum of
Understanding between the US National Oceanic and
Atmospheric Administration (NOAA) and Roshydromet
in 2006 with the following stated goals:
• Development of a Hydrometeorological Research
Observatory in Tiksi, equipped by modern instruments
of observations and communications, a power supply system, laboratory and office facilities suitable
for supporting the collection of quantitative data
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on atmospheric structure and processes as well as
associated ocean and land parameters in order to
further studies of weather and climate; and
• Integration of observatory measurements into International Networks, such as the Global Atmosphere
Watch (atmospheric gases and aerosols), Baseline
Surface Radiation Network (atmospheric radiation),
Climate Reference Network (climate-grade weather
observations), Global Terrestrial Networks for Permafrost, and the Micropulse Lidar Networks (clouds
and aerosols).
The project was characterized from the beginning by
contributing partnerships without which progress would
have been impossible. The US National Science Foundation operating from a “Proposal for a Joint US – Russian
Climate Observatory” and the Sakha (Yakut) Republic
of the Russian Federation (which governs the Tiksi
region) both contributed substantially to infrastructure
development. NOAA, Roshydromet, the Finnish Meteorological Institute and the Russian Academy of Sciences
all made significant and ongoing contributions to new
measurement programmes and training. Roshydromet
shouldered the full burden of the facility’s increasing
operating costs for the first years.
After five years – involving the combined efforts of the
US State Department, the Russian Ministry of Foreign
Affairs, and a literal army of Russian, American and Finnish institute directors, programme managers, regional
officials, military officers, scientists, lawyers, engineers,
technicians, students, on-site staff, international affairs
liaisons, station managers, logistics officers, finance
officers, property managers, data base managers, IT
specialists, electricians, builders, plumbers, logistics
managers, travel arrangers, shipping/customs agents,
drivers and secretaries – the official opening of the Tiksi
Observatory occurred on 25 August 2010.

The Science of Tiksi
The long historical scientific context provided by the
Soviet Polyarka Station, the relative accessibility provided
by the Tiksi airport, the geographical notion of closing
a loop in a chain of Arctic observatories, and the highlevel policy drivers all made Tiksi a logical location for
an international facility. However, the most important
factor in the site selection was the opportunities that
the Tiksi region provided for understanding regionally
specific Arctic processes. The Arctic region is comprised of unique sub-regions including the Canadian
Archipelago, the Greenland Ice Sheet, the Bering Strait
region flanked by the Alaska and Chukotka peninsulas,
Northern Scandinavia, Svalbard and the Central Arctic
Basin (Ocean). Tiksi is a unique Arctic region, existing
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on the margin of the vast Eurasian continent that has
the coldest recorded temperatures in the Northern
Hemisphere winter.
From the point of view of global circulations, Tiksi is
located in a boundary region at the confluence of Atlantic
and Pacific air masses. This results in a wide variety of
atmospheric conditions with variable cloud, aerosol and
pollutant characteristics creating a natural laboratory to
study the influence that the various source regions of
Russia, Northern America, Europe and Central Asia have
on atmospheric processes. Tiksi is also at the mouth of
the Lena River, the second largest river draining into
3
the Arctic Ocean. Its 524 km /year of mean discharge is
3
second only to the Yenisei (586 km /year). The Lena is the
only major Russian river for which most of the drainage
basin is underlain by permafrost, making for a complex
hydrological system that may be particularly vulnerable
to climate warming. Tremendous stores of carbon are
presently locked in the permafrost of this river basin,
and the evolution of precipitation and evapouration
patterns are very important for determining regional
changes in the surface fluxes of CO2 and methane. Tiksi
is on the edge of the Laptev Sea – an area of such large
ice production that it has been termed “the ice factory
of the Arctic Ocean.” Changes in ice production in this
region may influence deep convection processes in the
Greenland Sea, which is seen as a possible factor in the
long-term variability of the global climate.
To summarize, Tiksi is an ideal location for intensive
research on the interconnected components of the Arctic
climatic system, including atmospheric and hydrological
processes, mechanisms of permafrost degradation and
coastal erosion, development of annual sea-ice formation and dissipation, and continental shelf processes.
All of these play a key role in defining and determining
local and global climate evolution.

Current Status
In addition to the new facilities and instruments, and
equally important, are the data centres supporting the
Tiksi Observatory. The quantity and variety of data being
collected by the Tiksi Observatory is steadily increasing.
The Tiksi Data Centre at the Arctic and Antarctic Research
Institute in St Petersburg, Russia, is responsible for primary collection, storage and distribution of data. Data
is also accessible from archives supported by NOAA
(Boulder, Colorado) and by the Finnish Meteorological
Institute (Helsinki) with transmission of original data and
processed filtered data between the centres occurring
in near real-time.
Data are also being transmitted to global network
observing programmes such as the Baseline Surface

Radiation Network (BSRN) 6, the Aerosol Robotic Network
(AeroNET)7 and the Climate Reference Network (CRN) 8.
The Tiksi Observatory is building ground-up synergies
with the Global Atmosphere Watch Station Information System (GAWSIS) 9, which coordinates metadata
across the six world data centers. Implementation of
the International Organization for Standardization (ISO)
metadata standards will further facilitate integration of
the Tiksi data into world data centers.

First results
In September 2012, when the Tiksi Observatory partners
met to discuss the results of the first year of activity, it was
clear that many intriguing patterns are emerging in both
the multi-decadal analysis of historical data and annual
cycle signatures of the new measurement programmes.
So far, the detailed records are not showing any significant trends in air temperature, active layer freeze-thaw
cycles or seasonal thickness of the shore fast ice. Spring
time surface ozone depletion events are occurring but
with a shifted annual cycle compared to sites in Barrow,
Alaska. The measurements at the Tiksi Observatory are
not indicating increases in methane fluxes that would
support the hypothesis that a warming Arctic will result
in the release of methane sequestered in the permafrost
to the atmosphere. Tiksi has comparatively high levels
of the persistent organic pollutant DDT (dichlorodiphenyltrichloroethane), which has implications about global
redistribution of persistent organic pollutants.

The atmosphere surface exchanges are – as expected
– very small during the cold winter months when snow
and ice create a barrier, but the summer fluxes show
clear diurnal cycles with a net CO2 uptake. Atmospheric
temperature pulses have been observed to propagate
through the upper levels of permafrost and the highly
variable distribution of different types of vegetation
appear to have an observable effect on atmospheresurface fluxes and the depth of the active layer. Aerosol
characteristics have well-defined seasonal cycles that
can be explained by the variation of different source
regions – land, ocean, local contamination – and tropospheric processes driven by solar radiation. These
random samplings of preliminary results will now be knit
together into a comprehensive picture of the dominant
environmental processes in the Tiksi region.

The Future
The international observing programmes being supported at the beginning of 2013 include regional Global
Atmosphere Watch (GAW)10, BSRN, AeroNET, and CRN.
The current development plan is to expand contributions
to GAW (in particular by developing from a regional to
global station), Global Cryosphere Watch - CryoNET11,
the Circumpolar Active Layer Monitoring (CALM)12 programme, the Arctic Monitoring of Atmospheric Pollutants
(AMAP)13 and the Global Network of Isotopes in Precipitation (GNIP).14 Other measurement programmes are
10
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6
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11
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12
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Olga Chumachenko

Russian, US and Finnish Officials
with Yakutia dancers celebrating
the official opening of the Tiksi
Observatory in August 2010

being evaluated such as upper-air ozonesondes and
increased remote sensing measurements of cloud and
aerosols. Another goal is to further develop the Tiksi
International Hydrometeorological Observatory into a
world class facility by expanding the partnership beyond
the original Russian-US-Finnish troika with participation
from other countries; collaboration enquires have been
extended by Germany and Japan.
The Tiksi International Hydrometeorological Observatory has been developed based on fundamental WMO
observing and data sharing principals and was prescient in resuscitating a prestigious Soviet era station
to serve modern requirements for Arctic observations
in the 21st century. It should be noted that despite widespread agreement between countries, agencies and
academic institutions about the shared benefit of the
Tiksi Observatory, the actual implementation has been
extraordinarily slow and difficult. The environmental
agencies of Russia, the US and Finland had clear and
identifiable mandates to pursue the goal of long-term,
cooperative Arctic climate observations, but did not have
jurisdiction or exemptions to allow easy navigation of
the consulates, customs, exports, imports and security
requirements of each respective country. The individual
operating departments of each organization have found it
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perplexing and difficult to identify the correct procedures
to allow implementing partnerships with counterpart
foreign agencies. Overall, it has been a substantial commitment and effort to operate “outside the box” – but
within agency and national statutes – to accomplish the
mission of establishing the Tiksi Hydrometeorological
Observatory and bring to fruition the words of the
WMO Polar Activities resolution “… cooperating with
other Members in sharing the costs of re-opening and
operating previously functioning stations.”
An integral part of the Tiksi International Hydrometeorological Observatory plan is to maintain an active
scientifically engaged programme of research to answer
questions about not only the “how” but the “why” of
the evolving climate. This research will investigate direct
questions such as: “Is black carbon a major contributor
to the contracting summer sea-ice extent?”, “How will
Arctic communities need to respond to a changing environment?” and “What are Arctic specific contributions
to the global greenhouse gas budgets?”  In addition,
the data of the Tiksi Observatory will undoubtedly lead
to unexpected scientific discoveries that lie in wait for
the intrepid. These discoveries will owe their existence
to the contributions of the hundreds of individuals that
have comprised the Tiksi Team.

ARISE
A European research infrastructure
combining three measurement techniques

Technology first used to listen for secret H-bomb tests
could help forecasters tell us what the weather is
going to be like up to a month in advance. That is one
of the aims of an exciting new international research
project, Atmosphere dynamics Research InfraStructure
in Europe (ARISE), which kicked-off in January 2012.
Following studies that showed that the upper layers of
the Earth’s atmosphere could provide crucial information for more accurate longer-term weather forecasts,
on timescales up to four weeks ahead, twelve partners
from eight European member states and one associated
country have joined forces to combine measurements
of the stratosphere and mesosphere taken by three
different kinds of instruments.
The ARISE project aims to revive existing collaborations
among European scientists while developing and integrating, for the first time, a large set of complementary
topics such as infrasound, gravity and planetary waves,
stratosphere and mesosphere disturbances, satellite
atmospheric studies and modelling of the atmosphere,
and atmospheric dynamics. It is expected to bring much
progress in atmospheric modelling, weather forecasting
and the monitoring of extreme events relevant to civil
security applications. It will provide new 3D images
of the atmospheric state and its spatial and temporal
variability.

Atmospheric dynamics
For a long time the atmosphere was considered a stratified medium with negligible interactions between the
upper layers and the troposphere in which we live.
However, recent studies have revealed the key role that
dynamics in the middle and upper atmosphere can play
in both tropospheric weather and climate. Atmospheric
oscillations, particularly gravity and planetary waves,
drive this interaction and much of the large-scale atmospheric global circulation systems in the middle and

upper atmosphere, including the Brewer-Dobson Circulation and Quasi-Biennial and Semi-Annual Oscillations.
Atmospheric waves carry energy and momentum from
one region to another. The origin and dynamics of planetary and gravity waves are very different. Planetary
waves owe their existence to the equator to pole gradient
of potential vorticity and are produced by flows over
orography and between land and ocean due to contrasts
in temperature. They are most important in middle and
high latitudes and can lead to dramatic deviations of
flows from their climatological means. Understanding
the location and structure of shear-zones in the meanflow where planetary waves break is critical to the
understanding and prediction of sudden stratospheric
warming events. High-resolution observations of the
stratosphere could greatly improve our understanding
of these so-called “critical” layers.
Gravity waves are more ubiquitous and exist in a range
of spatial scales from planetary to a few kilometres.
They are produced both by flow over orography and by
strong convection, for example, due to thunderstorms.
Gravity waves play an important role in setting the mean
climate of the stratosphere and mesosphere and in
generating the predictable tropical oscillations of mean
wind speeds, which can enhance the predictability of
the climate system. Most small-scale gravity waves are
not resolved by typical climate models and only partially
resolved by weather forecasting models. Climate models,
therefore, must parameterize gravity waves to ensure an
accurate simulation of middle and upper atmosphere
mean climate and variability. Many parameters of the
gravity wave parameterizations are uncertain due to a
lack of long-term high-resolution observations.
The amplitudes of the atmospheric tides are large in the
middle atmosphere. Tides generated by stratospheric
ozone and by the water vapour in the upper troposphere,
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can induce some systematic difference between nonsimultaneous measurements and represent a key issue
for satellite validation and long-term variability when
times of measurements change. Though tidal theory is
well-established, exact amplitude and phase characteristics have not yet been characterized as few measurements
can observe them. ARISE measurements will allow the
validation of tidal simulations with numerical models
that will be used for systematic corrections of satellite
comparisons and trend estimates.

to constrain the parameterization of gravity waves and
to better initialize forecasts of the middle and upper
atmosphere.

Airglow spectrometer installed at the Schneefernerhaus near
the summit of Zugspitze

Dynamics of the troposphere-stratosphere-mesosphere
exchanges including contribution of gravity waves and
planetary waves

Project concept
The ARISE Design Study will conceptualize a new
infrastructure that integrates different atmospheric
observation networks to provide a new 3D image of the
atmosphere in each atmospheric layer from the ground
to the mesosphere with unprecedented spatio-temporal
resolution. The project will cover Europe and outlying
areas, including polar and equatorial regions.

The expected benefits would be a better description of
the atmosphere and an improved accuracy in short- and
medium-range weather forecasts. ARISE measurements
will also be used to improve the representation of gravity
waves in stratosphere-resolving climate models, crucial
to estimating the impact of a range of stratospheric
climate forcing on the troposphere. The data will be
used for monitoring middle atmosphere climate, its
long-term mean trends and changes in extreme events.
The benefits also include civil applications related to
monitoring of natural hazards.
The ARISE Design Study aims to integrate and coordinate
scientific communities that have never previously worked

The infrastructure will include the infrasound networks
developed for verification of the Comprehensive Nuclear
Test Ban Treaty, the Network for the Detection of Atmospheric Composition Change – using LIDAR (LIght Detection And Ranging) – and the Network for the Detection
of Mesopause Change, dedicated to airglow layer measurements in the mesosphere. It will also include the
complementary infrasound stations of various countries,
specific infrasound stations located near volcanoes
for volcanic source studies and ionospheric arrays to
determine coupling with near Earth space.
Data collected by these multiple networks will be analyzed to extract an optimized estimation of the evolving
state of different atmospheric layers, which would help
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Map of stations that participate in the ARISE project

together and to design a large infrastructure that adds
significant value for understanding the atmosphere.
A large part of the project is dedicated to defining the
specifications of new high added value observational
parameters that can be derived from different measurement techniques. It also integrates studies and simulations based on data used for modelling the atmosphere
and weather and climate forecasting.

Societal impacts and benefits
The monitoring of the Earth’s atmosphere with data
from vanguard technologies using infrasound, LIDAR
and airglow measurements offers a wide range of civil
security applications that may contribute to human
welfare and safety. The ARISE project’s collection of
advanced data relative to the following phenomena
will be used for monitoring extreme events and for civil
security applications.
Volcano monitoring and aviation safety
Measurements of infrasonic atmospheric waves is of
importance for monitoring volcanoes and extreme
events. Monitoring infrasound from volcanoes provides relevant information about ash injection in the
atmosphere when satellite information is not available

because of cloud coverage. The International Airways
Volcano Watch Operation Group, supported by the
International Civil Aviation Organization, encourages the
improvement of tools for detecting and forecasting of
volcanic ash. The Group recognizes the interest of the
infrasound technology for such a purpose.
The global density of infrasound stations is steadily
increasing and signals from volcanic activity are routinely recorded. The characteristics of the detected
signals, and the maximum range for observing these
signals, depend on the type of eruption, which are either
effusive or explosive in their behaviour. Large eruptions
sometimes release significant amounts of ash into the
upper atmosphere. The geographical region covered by
the ARISE project encompasses volcanoes located in
Europe (Italy, Iceland) and Africa (Tanzania, Democratic
Republic of Congo, Comoros and La Réunion). In addition, temporary portable infrasound arrays installed near
the crater of active volcanoes will provide important
observations and measurements. These data should
help the scientific community to better understand the
specificity of individual volcanoes, and should improve
the participation of Europe in volcano warning systems.
With the future completion of the International Monitoring System (IMS) Infrasound Network complemented by

Infrasound experiment at Yasur volcano, Tanna island, Vanuatu
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Mass movements of the Earth’s surface
The utilization of ARISE infrasound data to study natural
hazards related to massive earth displacements – earthquakes, landslides and avalanches – is also relevant for
civil security applications.
Infrasound technology detects and localizes surface
Earth motion. Infrasound intensity maps that characterize large earthquakes may help to identify populated
regions that are at high disaster risk. For specific events,
a detailed signal analysis could be performed to identify
the location of the ground-to-air coupling sources and
these could be compared with seismic intensity maps.
Risk assessment of snow avalanches is mostly related
to weather conditions and snow cover. Avalanche risk
forecasting based on snow modelling is still at an early
stage and requires objective avalanche observation
for validation. This observation is mostly visual but
for several years now it has been complemented by
experimental seismic detection. Avalanche observation
would,  therefore, greatly benefit from infrasound as
it is the only technology able to detect the pressure
transients produced by avalanches. ARISE will analyse
hundreds of signals detected by infrasonic arrays
deployed in the Alps to assess whether it is possible
to unambiguously identify avalanches. This could
have a large impact on the forecast modelling and risk
management community worldwide.
During the course of the ARISE project, portable
equipment may also be deployed in the Alps for
measuring the characteristics of infrasound signals
produced by natural and artificial snow avalanches.
Avalanche experiments are conducted in several test
sites located in Switzerland and Austria every year.
The ARISE project may be used to reinforce the work
of civil engineering teams specialized in avalanche
danger management. The detection and location of
avalanches may complement human observations,
confirming the occurrence of events when visibility
conditions are poor such as in remote mountainous
areas, in bad weather conditions or at night time. A better understanding of avalanche infrasound signatures
may also help to identify and provide advance notice
of non-observable sequences related to instability
in the snow cover that could be precursors of major
episodes – similar in manner to the seismic foreshocks
observed before major earthquakes.
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Severe weather
The data collected from infrasound, LIDAR and airglow
networks should help to improve understanding of
upper atmosphere properties and their variability
in time. Centralized in a database, this information
would provide a unique dataset for continuous and
long-term monitoring of the intensity and evolution
of extreme events from severe storms to tornadoes
and cyclones.
The Eurosprite campaigns, started in several countries
in 2005, use optical cameras and complementary
instruments to detect transient luminous events (sprites)
that occur in the middle atmosphere above large
thunderstorms. In line with the campaigns, ARISE groundbased observing facilities are introducing additional
techniques for measuring the signature of sprites and
using infrasound to investigate the mechanisms that
generate lightning and sprites.
ARISE proposes to determine the parameters that would
best characterize these severe weather phenomena. In
the long-term applications, ARISE network observations
could be included in existing meteorological models in
order to improve the accuracy of short- and mediumrange weather forecasts.
The monitoring of extreme events such as thunderstorms
and cyclones is also important to determine the evolution of such events with climate change.

Oscar Van der Velde

national facilities, the objective of providing low-latency
volcanic explosion detection notifications to Volcanic
Ash Advisory Centres will be more attainable. Such early
warning systems may help to prevent eruption disasters
and mitigate the impact of ash clouds on aviation.

South Dakota, US, thunderstorm, 28 May 2006

Meteorites
The explosion of large meteorites in the atmosphere –
though rarely impacting the Earth’s surface – are often
reported by eye-witnesses or recorded by all-sky
cameras. The ARISE infrasound network can perform
continuous monitoring of the entry of such large space
objects into the atmosphere.

Infrasound is increasingly contributing to the observational data for meteor events. On a global scale, the
recurrence of exploding meteorites is about 1–2 events
per month for bodies 1 meter in diameter and 1 per
decade for bodies 10 meters in diameter. The largest
events may be detected at distances of up to thousands
of kilometres, as shown by the Sulawesi event detected
by the IMS infrasound network in October 2009.
The dense coverage of the ARISE infrasound network
should be able to detect and characterize any significant
meteor explosion occurring in the European region.
Single infrasound detections bring statistical information
about large fireballs, and contribute to the databases
on extraterrestrial objects that collide with the Earth.
The results may become even more interesting when
observations from other regional networks become
available and allow constraining or reconstruction of
the trajectory of the source meteors.

Success apparent
The success of ARISE is already apparent from the
increasing number of associated members and links
with international groups involved in climatological and

environmental studies. Some recent phenomena have
been observed by ARISE partners which demonstrate
the relevance of its measurements. The fist relates to
a major sudden stratospheric warming event that took
place in the period from December 2012 to January
2013: three ARISE instruments installed at the Haute
Provence Observatory revealed that there can be a
temperature difference of 20°C between models and
observations.
The other relates to the increased activity of the Etna
volcano in January 2013, observations of which are now
being thoroughly analyzed in order to improve infrasound
monitoring of remote volcanic regions. Results emanating from the analysis of ARISE observations will help
to describe the global dynamics of such complex large
scale events, and this will increase the use of ARISE
data and results for modelling the mechanisms of such
events and their impact on weather.
The expansion of ARISE into Africa also provides exceptional coverage from equatorial to Polar Regions.
More information about the project can be found at
http://arise-project.eu

Howard Edin

A meteorite falling through the atmosphere

A meteorite falling through the atmosphere
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The Instruments and
Methods of Observation
Programme (IMOP)

Established by WMO’s predecessor, the International
Meteorological Organization, the Commission for
Instruments and Methods of Observation (CIMO)
ensures the accuracy of weather observation by
facilitating the creation of international standards
and, thus, the compatibilit y of measurements.
The Commission is responsible for developing the
guidelines and recommendations implemented
through the Instruments and Methods of Observation
Programme (IMOP), one of the key components of
the World Weather Watch (WWW) Programme. For
over a century it has coordinated collective actions
by Members in respect to their observing systems,
so that the end results of their efforts far exceed
what each could individually accomplish to meet its
critical needs; the Commission then disseminates
those results worldwide.
Today, CIMO is facing new challenges, particularly in
the areas of integration and new technologies. The
transition from manual observations to automatic
and, now, remote-sensing wind profiler and satellite
observations requires the development of guidelines
on the use and performance of these and, possibly,
conducting intercomparisons to assess their relative
performance. The ever growing demand for higher
resolution meteorological observations in both time
and space, such as for nowcasting and severe weather
forecasting, and for the optimization of financial
resources have obliged meteorological services to
use observational data from various different sources
– different systems as well as different providers –
including ex ternal and private data providers. In
addition, national se curit y is sues make these
observations extremely sensitive. In this context,
CIMO is challenged to support WMO Members in
developing guidelines to assess the quality of the
observational data provided by various systems and
shared through metadata.
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The Commission will use the same strategies and
tools that have yielded successful results in the past
to face these challenges:
• The promotion of standards,
• Development and publication of guides on instruments and methods of observation,
• Instrument intercomparisons, and
• The organization of capacity building activities such
as training workshops and technical conferences.
It will also continue to actively collaborate with
instrument manufacturers – primarily through the
Association of Hydro-meteorological Equipment
Industry (HMEI) – the scientific community and other
international organizations.

The CIMO Guide
The Commission already has in preparation a new
section dealing with standardization of observational
procedures and techniques for satellite observation
for the WMO Guide to Meteorological Instruments and
Methods of Observation (CIMO Guide) (WMO-No. 8). The
CIMO Guide, which was first published in 1954, deals
with the standardization of observational procedures
and techniques, and provides comprehensive and
up-to-date guidelines on the most effective practices
for c arr ying ou t me teorologic al ob s er va tions
and measurements. It contains guidelines on the
measurement of variables related to weather and
climate applications as well as to environmental
(ozone, atmospheric composition), marine /ocean
observations and water (precipitation, evapouration,
soil moisture) applications.

As new technologies and observing techniques become
available, the CIMO Guide needs to be updated, hence
important updates are regularly in preparation. This does
not mean that older technologies and techniques are set
aside. Mature technologies and methods are tried and
true, and are promoted as such by CIMO, and will be
considered for inclusion as part of the WMO Technical
Regulations within the framework of the WMO Integrated
Global Observing System (WIGOS).

Improving measurements through
intercomparisons
Instrument intercomparisons are one of the CIMO
flagship activities. To date, the focus has been on
the intercomparison of surface-based observation
systems to improve quality and cost-effectiveness
by providing advice and recommendations to WMO
Members and manufacturers on the performance of,
and improvements to be made to, instruments and
observing methods. WMO Members rely on these
CIMO intercomparison reports to select or confirm the
instruments that best meet their particular needs. The
CIMO intercomparisons also provide an incentive for
manufacturers to constantly improve their systems.

The requirements for instrument testing and intercomparisons have grown apace with the availability and
variety of high quality instruments of different designs
by various manufacturers, which also use different
measuring principles. Characterizing the performance,
accuracy and suitability of instruments under different
environmental and climatic conditions is in many cases
the only way to establish their interoperability and the
compatibility of their data. This intercomparison process
has even greater importance today as improvements
are needed to reduce measurement uncertainties to
support climate service delivery.
The first WMO Solid Precipitation Measurement Intercomparison started in the northern hemisphere winter
of 1986/87 and concentrated mainly on manual measurements of snow. But today, a number of NMHSs
are in the process of upgrading to automated solid
precipitation systems. Guidelines on the performance of
these automatic instruments are now required, as well
as information on how automatic methods perform in
comparison to manual methods to account for possible
data discontinuity issues occurring in climate records at
the time of the change of the systems. Therefore, CIMO
has recently commenced a new intercomparison, the
WMO Solid Precipitation Intercomparison Experiment
(SPICE), which will document the differences between
various automatic systems, and between automatic
and manual measurements of solid precipitation using
equally exposed/shielded gauges, including their siting and configuration. SPICE will also recommend
appropriate automated field reference system(s) for
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Geopotential height difference (mm)

P. Jeannet, C. Bower, B. Calpini & G. Romanens
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the unattended measurement of solid precipitation
in a range of cold climates and seasons, and provide
guidance on the performance of modern automated
systems for measuring precipitation and snow depth
in cold climates for all seasons.
Remote-sensing systems, like radars, wind-profilers and
lightning detections systems, are also being increasingly used and are likely to be the focus of future CIMO

Bias of the geopotential altitude at 10 hPa
for 7 radiosonde comparisons (simultaneous
measurements). The two dotted lines represent a
qualitative envelope of all individual results.

intercomparisons. Already underway is CIMO’s Radar
Data Quality and Quantitative Precipitation Intercomparison (RQQI). Its aim is to identify, document and exchange
the best techniques for quality control of ground-based
Doppler weather radar data primarily for quantitative
precipitation estimation in a variety of radar scenarios,
and in different weather and environment regimes, and
to develop data quality metrics for global and regional
applications.
CIMO will also soon include airborne and space-based
observation systems in its intercomparison activities. In
order to respond to the needs of WMO Members, it will
also have to provide intercomparison of traceability in
the transfer from one system to another. These changes
are necessary so that future CIMO intercomparisons can
take into account the increased use of remote-sensing
observations, aircraft-based and satellite observations
and assess the performance of these systems.

Collaboration with partners

Holger Vömel/Franz Immler, DWD

Over the years, where synergies exist, CIMO has partnered with other international organizations to achieve
common goals. These include the Bureau International
des Poids et Mesures (BIPM), the International Organization for Standardization (ISO) and the direct involvement
of CIMO experts into metrology research such as with
the European Metrology Research Programme (EMRP).

CIMO Radiosonde Intercomparison, Yangjiang, China, 2010.
The first international intercomparisons were conducted
on radiosondes in the 1950s. The last two radiosonde
intercomparisons led to the conclusion that pressure
sensors were not required on GPS radiosondes. This should
eventually lower the prices of some radiosondes.
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Osamu Ijima, JMA

Solar tracker at PMOD with the radiometers of
the World Standard Group (lower right) and a
cryogenic radiometer (lower left)

Collaboration with BIPM:
Reference standard for solar radiation
Ensuring the quality and long-term stability of observations requires traceability to recognized reference
standards. Therefore, CIMO advocates for the procedures
and reference standards established by BIPM to ensure
traceability of observations to the International System
of Units (known by its French acronym SI).
Solar radiation is a key component of the Earth energy
budget. Therefore, in the context of climate change
monitoring/assessment, the precise measurement of
solar radiation over long periods of time is crucial to
understand the physical processes taking place and
to determine the origins of climate changes. CIMO
coordinated development of the solar radiation measurement reference, the World Radiometric Reference.
In use since 1979, the reference is maintained by the
Physical Meteorological Observatory of Davos (PMOD),
which also serves as the WMO World Radiation Centre.
A group of radiation instruments, the World Standard
Group, is used to materialize this reference. But the
technology is improving and it is possible that in the
future, cryogenic radiometers will be able to better
define the scale in use for solar irradiance. PMOD is
developing such radiometers. CIMO will continue its
collaboration with BIPM and PMOD in order to assess
the performance of these new technologies and determine, on one hand, whether the realization of the World
Radiometric Reference by the World Standard Group
needs to be changed and, on the other, whether solar
radiation measurements could be better defined if
referred directly to the International System of Units.
This may have far-reaching implications as all solar
radiation measurements have been reported using

the World Radiometric Reference since 1979. This
would obviously create data continuity challenges in
the context of climate applications, which would need
careful consideration.
Collaboration with ISO:
Towards the first WMO-ISO Standard
CIMO experts participate in development of ISO standards such as the draft standard on ground-based remote
sensing by Doppler wind lidars and the recently proposed
development of a common WMO-ISO standard based
on the WMO Siting Classification for Surface Observing
Stations on Land. This classification tool is used to assess
the quality of measurements originating from various
networks contributing to WIGOS, including from nonWMO networks, it is likely to have a significant impact
on the monitoring of climate variability and change.
The proposed common WMO-ISO standard is likely to
be the first of many. The publication of a WMO standard
in regulatory documents, such as WMO Manuals and
Guides, suffices for the meteorological community;
however, there is added-value to having some standards published as a common WMO-ISO standard. As
such, they would reach other communities interested
in meteorological measurements but not necessarily
aware of the existence of WMO publications like the
CIMO Guide.
The WMO Siting Classification for Surface Observing
Stations on Land offers a good example. A number of
different entities perform meteorological measurements
for their own reasons – for one, highway operators
interested in the meteorological conditions along the
roads they maintain. Private companies or individuals
who perform meteorological measurements for their
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own purpose may also be willing to share them with
NMHSs, but the data they contribute may be of variable
quality. NMHSs have started to make use of third party
data, which have a large potential, but they require
careful treatment as their quality and the conditions
in which the measurements were made are generally
not known. Such groups may not be aware of the latest developments, practices and recommendations in
use within the meteorological community and WMO.
Publishing the Siting Classification for Surface Observing Stations on Land as a common WMO-ISO standard
will help to reach out to such communities to improve
the overall quality of meteorological observations and
to provide guidance on the methods used for various
meteorological observations.
CIMO will continue to assess the added value that a
common WMO-ISO standard may bring and will engage
in such projects on a case-by-case basis.

Capacity development and outreach
Capacity development and outreach are critical to reduce
the gap between developed countries and developing/
least developed countries. This key activity of CIMO will
remain important in the future, especially in the context
of increasing automation and complexity of observing
systems, and in the evolving context of climate change.
The range of CIMO capacity development activities
includes:
• The publication and dissemination of guides and
reports;
• The organization of the Technical Conference on
Meteorological and Environmental Instruments and

Methods of Observations (TECO), in combination with
exhibitions of meteorological instruments;
• Training programmes developed to address major
gaps impacting quality of data. The training lectures
are published as reports to ensure they can be widely
used, while dedicated regional workshops are carried
out to train technicians, for example, on Upper-air
Observations, Metrology and Calibration; and
• Strengthening Regional Instrument Centres, Regional
Marine Instrument Centres and Regional Radiation
Centres and informing Members on the services these
centres can provide to them to ensure the traceability
of their standards to SI.

More than a century of progress
Since its establishment, the scope of IMOP has widened
considerably, providing worldwide services in the area
of instrumentation and measurements standards. It
is an important pillar in WMO’s work in meteorology,
climate and hydrology. As the global community continues to increase its scientific collaboration, work in
this field will continue to progress, to keep pace with
the ever-increasing demand for new and high-quality
observational measurements of the atmosphere and
the environment around the world, such as required
for the Global Framework for Climate Services and the
Global Cryosphere Watch. CIMO’s success will, of course,
continue to rely on the experts from WMO Members
who dedicate both time and effort.
Information on CIMO and the WMO Instruments and
Methods of Observation Programme is available at
www.wmo.int/pages/prog/www/IMOP/IMOP-home.html

CIMO Training workshop
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WMO Fellowships: Enhancing
Practical Forecasting Skills

by Edward B. Wisseh (Liberia), Alpha M.M. Diallo (Senegal), Kalumbete Irene B (Tanzania),
Nyaga J. Wanjohi (Kenya)

Two fundamental requirements for effective running
of the World Weather Watch (WWW) are adequacy of
human resources and of physical infrastructure. When
the WWW was established in the 1960s, these two
requirements formed the most important obstacles
for WMO and its partners to deliver an efficient and
effective cooperation framework for global weather
monitoring. Since the inception of the WWW, WMO has
cooperated with diverse partners in order to respond
to the human resources needs of developing countries through its Education and Training Programme.
Through strategic interventions considerable support
has been rendered to countries in enhancing their
human resource and infrastructural capabilities. One
example is WMO cooperation with China, which has
promoted training and scientific research in the fields
of meteorology and hydrology and enhanced regional
environment monitoring and protection, especially in
Africa. Under this agreement, WMO fellows have been
able to benefit from training at Nanjing University of
Information Science and Technology (NUIST). A group
of WMO fellows who have just benefited from such
training present their experience in this article.

Why the fellowships
Weather forecasting is the application of science and
technology to predict the state of the atmosphere for
a given location. It requires that practitioners make
judgments amid uncertainties, which is not an easy
task. It requires perception, comprehension and projection of information, known in meteorology as analysis,
diagnosis and prognosis. The forecast methods used in
Kenya, Liberia, Senegal and Tanzania – our homes – are
mainly focused on temperature, wind, precipitation and
pressure changes. China, on the other hand, conducts
a deeper analysis of many more parameters, following a step-by-step process to yield accurate weather
forecasts. Therefore, we chose to leave our homes to

participate in a three-month forecasting fellowship in
2012, sponsored by the China Meteorology Administration (CMA) and WMO.

China forecasting procedures
China has experienced remarkable technological and
scientific growth in the last two decades that has had
a tremendous impact in the field of meteorology,
especially in facilitating research and the sharing of
information. CMA’s two regional meteorological training centers in Beijing and Nanjing serve primarily to
organize major meteorological research projects and
to promote the application of proven research findings to meteorological operations, while guiding and
coordinating meteorological education and training
China has a dense network of surface and upper-level
observation stations. It is one of the few countries in
the world to simultaneously operate both geostationary and polar orbiting meteorological satellite series,
the Feng Yun (FY) satellites. The main data set used
for forecasting, from a combination of the FY2D and
FY2E satellites, is stored in a central mainframe server
which every weather station in China can access using
forecasting software. Thus, each provincial station
has the ability to make its own weather forecasts,
under the supervision of the headquarters office,
which collects all the information from these stations
before making countrywide forecasts for each region
of the country.
At CMA data analysis and weather forecasting include
manual tasks, such as the analysis of charts, and automatic functions such as the pointing of observational
synoptic data for surface and upper-air on base maps
by dedicated printer and the plotting of isolines. All
data are subject to quality control by forecasters. In
order to improve the accuracy of forecasts, analysis of
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Tlog-p maps, wind rose, satellite and radar images and
consultation of numerical weather prediction products
are added to complete the analysis. Those model outputs include products from ECMWF, Japan, Germany
and local numerical models, which are compared with
the analysis done by the forecaster.
CMA takes every possible measure to minimize errors.
Their dense network of weather stations puts WMO
standard requirements for accuracy in reading and
recording data from meteorological instruments into
application. They couple the use of automatic weather
stations with manual stations to minimize human error.
Instruments are routinely checked to minimize bias in
observations. Stations in mountainous areas are constructed to measure katabatic and anabatic winds. The
list of these measures is long.
This is not the case in most of our home countries, which
have few operational weather radars and upper-wind
profilers and which also need to improve their network
of weather stations in order to improve their forecasting
capabilities.

Training and social experiences in CMA
During the three-month course, various professors and
teachers lectured us on forecasting, some focusing
on the basic notions while others ventured onto more
enriching subjects, providing deeper knowledge on topics
such as weather radar and satellite meteorology. This
consolidated our meteorological knowledge, improved
our weather analysis procedures and opened up new
horizons to us by giving us diverse ways to apply the
knowledge acquired.
Every morning we consulted the weather forecast of
the Central Meteorological Observatory, and by doing
so learned to appreciate the forecasting process and
the importance of improving forecasting skills. Realtime weather discussions and exchanges with teachers
immersed us in the experience and helped us to see the
deficiencies in our forecasting methods. The experience
was uplifting and the teachers further contributed to making it enjoyable by organizing camping trips, dinners and
games – activities that created a cooperative spirit and
helped with the integration of students and their CMA
hosts. Hence we established what we are confident will
be long lasting and profound friendships with fellow
forecasters in China.
We returned to our homes more convinced than ever
that being a weather forecaster is a glorious career,
because an accurate forecast can effectively reduce
disaster risk and protect lives and property, something
which we are proud to be able to contribute to.
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The challenges we now face
Teaching – There is a definite need
for capacity building in meteorology
for the improvement and development of forecasting methods in our
home countries and we would like
to be active in this area. Those of
us living in countries which lack a
meteorological training infrastructure, plan to draft
proposals for their establishment. Those in countries
where an infrastructure is in place will make proposals
on how to refresh and improve the training offered.
The experienced and qualified forecasters in our home
countries should have opportunities to share their
knowledge with others; we would all benefit. Proposals
will be made on mechanisms for continuing cooperation
with China and other leading meteorological organizations in order to expand the training of forecasters,
as well as establishing avenues for trainees in other
countries to share their knowledge.
Awareness – Our fellow citizens
also lack a full understanding of
the importance of meteorology. Our
experience in China has allowed
us to discern its importance, and
it is vital to transmit this message
to the public. Existing marketing
and advertising messages need to be improved and
the frequency of meteorological seminars should be
increased. National news media should send more
cohesive and targeted messages to the users of forecasting products – forecasts are meaningless if they
do not reach the intended audience. More avenues of
communication – for example, social media websites
and mobile phones networks – should be used.
Advising the relevant authority – An
efficient advisory structure through
which information can flow from
top management to forecasters and
vice versa should also be set up to
improve communication.
Cooperation with other countries –
International cooperation between
neighbouring African countries
could also be beneficial for many
areas, from data sharing to improvements in forecasting procedures and
the creation of a central data hub that
local weather stations could access for their forecasts.
Numerical weather prediction products from China
and other countries could be shared to compare

weather forecasts. At present, foreign numerical
weather prediction models have been customized
to work in our countries, but efforts should be made
to come up with new models purposefully built for
each individual country. This would help to improve
forecasting.

The road ahead
The challenges above make it clear that a lot remains
to be done in our home countries. The priority is to
implement the scientific concept we have learnt to
provide meteorological services targeted for the public.
Our CMA experience from mid-summer to autumn
was a great success, we are now much more confident
about our forecasting skills. We are of the view that
the deployment of our expertise in Africa can only
make further contributions towards the enhancement
of forecasting capability in Africa and in the world at
large. We have enhanced our knowledge and now have
access to a more extensive network of professional
partners with whom we can work for the betterment of
international cooperation on the World Weather Watch,
and other services required of the WMO community
by its Members.

Fellowship Fund Appeal
Weather information plays a critical role in societal
development. Understanding weather and climate
conditions is essential to building safe and secure
environments as well as an economically prosperous
society. It is crucial that meteorological personnel are
qualified and well trained, as they are the backbone of
national weather services. Skilled forecasters, IT and
communications people play a vital role in ensuring
weather information is available to all and when needed.
While weather services in developed countries can
have a staff compliment numbering in the hundreds,
including specialists in various related fields (i.e.
agrometeorology, severe weather, transport, etc.),
their counterparts in developing countries are often
minimally staffed and lacking expertise in specialized
areas. This comprises their capacity to effectively
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service their communities with the information
needed to make informed decisions that concern
not only their daily lives, but often their economic
survival and resilience to natural disasters.
In an effort to meet the increasing demand from
WMO Developing Country Members for assistance
in human capacity development, WMO launched a
Member driven Appeal to help increase the number
of Fellowships the WMO awards through the WMO
Fellowship Programme.
With the intent of supporting our colleagues in developing countries, we are asking YOU to get INVOLVED.
Be an advocate and help foster existing practitioners
and young talent. Support the WMO Fellowship
Programme and make a personal donation to the
WMO Fellowship Fund at www.wmo.int/pages/prog/
dra/rmo/WMDappeal.php
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Valuing Investments In Data
Processing and
Forecasting Systems
The Implications of the KMA Experience

by Woo-Jin Lee1

The three main operational components of daily weather
production systems are real-time observing and data
collection, routine global exchange of data and information and the systematic operational processing of
data to produce meteorological analyses, numerical
weather predictions (NWP) and weather forecasts and
warnings. Thus, these three components – the Global
Observing System (GOS), the WMO Information System
(WIS), and the Global Data-processing and Forecasting
System (GDPFS) – have formed the backbone of the
World Weather Watch (WWW) System.1
These systems require substantial investments in order
to serve the public need for targeted weather and climate information to mitigate disaster risk and save
lives and property. Are the resulting services worth
the investment? Can meteorological service be valued in order to gauge the return on investments? The
Korean Meteorological Administration (KMA), having
heavily invested in its data processing and forecasting
system (DPFS), made the valuing of its services part of
its mandate. The investments: modern technological
infrastructure and scientific expertise in various fields,
including telecommunication, automated systems for
acquiring observations, data management facilities –
storage, retrieval, processing and manipulation, quality
control – an automated NWP production scheduling and
control system; NWP computing and engineering, and a
sophisticated data integration and visualization system.
What is the value of the resulting weather and climate
services in the daily lives of the population?
The relative importance of weather information in daily
lives depends on the nature of one’s activities, climatic
regimes and the degree of a country’s socio-economic
development. Every National Meteorological Service
also operates in its own unique national environment
1

Korea Meteorological Administration
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– economic conditions, public perception of weather and
climate, importance relative to wide-ranging government
priorities, decision-making processes for government
funding, social interest or belief in prevention and mitigation versus post-disaster recovery, etc. – however, the
implications of the KMA study remain pertinent to all. The
valuation exercise demonstrated that the level of services
that KMA provides, thanks to its investments in DPFS,
is highly valued and a benefit to the society it serves.

Data processing and forecasting
investments
DPFS refers to the complex technical skills and technological array required for NWP across all time scales,
including data assimilation, integration of numerical
models of the atmosphere, post-processing of observational and forecast data, interpretation of model
outputs, and the production of weather forecasts and
warnings. KMA has invested in the development of its
DPFS for several decades, and has evolved its system
through the different stages of technical infrastructure,
advancing from graphical interpretation of NWP outputs
and the application of binary model outputs, to running
a regional NWP model with lateral boundary conditions
obtained from other centres, to operating a regional
model with a data assimilation system for real-time input
of observations to attain the most advanced stage of
running a global model with four-dimension variational
(4D-Var) data assimilation.
KMA concentrated strategically on two early breakthrough areas. First, the automation of telecommunications that became the foundation of its data-processing
system, then the acquisition of a first supercomputer
system, installed in 1999. This acquisition reflected
national support for the installation and application of
a state-of-the-science limited area numerical simulation
model (LAM) of the atmosphere at a supercomputing

facility, and led the way to the establishment of an
atmospheric modelling group, which in turn led to additional funding support for software development and
applications to meet many national needs. Maintaining
these elements to the present, KMA sustained its DPFS
assets by adopting technological advancements and by
investing in the young scientists attracted to the innovative technological environment at KMA. This resulted
in more relevant operational products and services to
meet the ever-growing need for meteorological and
environmental predictions.

Social Environment
As stated earlier, the value of weather and climate
products and services to a society depends on the
socio-economic and environmental context. KMA serves
a population living in an area that is prone to natural
hazards. Korea is affected by the various severe weather
phenomena of mid-latitude nations such as heavy rain
and snow storms, tropical cyclones, Asian yellow sand
and dust storms, severe thunderstorms with violent
winds, hail and lightning, and temperature extremes.
During the summer time, there are heavy rains over the
Korean Peninsula due to tropical storms. The rugged
orography of 70 per cent of the country’s land area and
the unique geographical environment with influences
from the Asian Continent confronting those from the
Pacific Ocean add complexity to the nation’s mid-latitude
climate, and the challenges for protecting its people
and economic activities from meteorological stresses
and extremes.
The heavily populated limited metropolitan and industrialized areas, as well as the combined demographic

and social environment, challenge weather prediction
systems and KMA forecasters.

Technical performance
The valuing of DPFS should be viewed from two perspectives: assessment of technical performance and its
relation to economic terms. The standard verification
measures under the WMO Commission for Basic Systems
(CBS), as well as other measures, can be effectively
used for assessing performance. The conversion of
verification results into monetary terms requires further
translation, including assumptions, to create valued
information that links the outputs of production; basically that products and services must be linked to their
consumption in society.
The attributes of weather forecasts include accuracy
or reliability, consistency, precision and forecast leadtime – each of which measures aspects of technical
performance. Making a connection of performance with
the operational costs, one can deduce the value of the
investment in DPFS and the relative value associated
among different attributes. Verifying accuracy is the most
common objective measure, and is universally shared
among WMO numerical weather prediction centres.
The benefit of DPFS in terms of accuracy is most
evident from the recent performance at the European
Centre for Medium-Range Weather Forecasts (ECMWF).
The root mean square error (RMSE) at 500 hPa of the
ECMWF global model shows improvement through
the last several decades, especially over the southern
hemisphere and in the medium-range. Similar trends
with a higher rate of improvement with time can be
found within the NWP performance at KMA. The current

An example of graphic forecast with 5km x 5km spatial resolution on the KMA web page (www.digital.go.kr)
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RMSE for five-day forecasts is comparable to that for
three-day forecasts 10 years ago. Predictability has
been extended two days further in time over the last
10 years.
The increased accuracy is partly due to the research
and development on satellite data assimilation and
physical parameterization, and partly to the rapid technology transfer from advanced meteorological centres.
The frequent upgrade of supercomputers over the last
decade also contributed to the improvement of model
performance. Advancement in high resolution modelling
contributed to the effectiveness of heavy precipitation
warnings along with the progress in nowcasting tools,
radar data application techniques, and multi-model
ensemble prediction techniques.
The improvement in forecasting tropical cyclone tracks,
including the increase in lead-time, has significantly
contributed to the effectiveness of forecasts and early
warnings for anticipated heavy precipitation up to five
days in advance. The advancement of DPFS and increased
density of the observation network also enabled new
services for the public benefit. For example, village
scale forecasts across a 5 km mesh became possible
when the resolution and accuracy of regional models
reached acceptable levels of quality. Currently, KMA
provides hourly updates of village scale forecasts based
on human interpretations of the numerical prediction
database for ten weather elements including temperature,
precipitation, wind, and relative humidity.
The social benefit of DPFS investments can be monitored
by user satisfaction surveys, an indirect measure of
the value of the DPFS investment. KMA conducts such
public surveys twice a year. User satisfaction indices,
derived from surveys during 2007-2011, range from 60
to 80 per cent for short-term forecasts and warnings,
and showed slightly lower levels of satisfaction for
weekly forecasts. The satisfaction index has gradually
increased in the last five years by 11.8 points for shortrange forecasts, by 20.6 points for medium-range, and
by 12.3 points for warnings. In addition, more than two
thirds of the population use 1-3 day forecasts for daily
decision-making.

Value of forecasts and warnings
KMA provides daily forecasts and warnings to Korean
citizens and overseas visitors to protect lives and properties from adverse weather and climate, as a national
weather service is normally expected to do. This includes
weekly and extended range forecasts for temperature,
wind, and precipitation, and various warnings for heavy
rain or snow, strong wind, severe thunderstorms, storm
surges, and tropical cyclones.
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Based on survey results and economic studies conducted
by KMA, an average Korean household is willing to pay
20 424 KRW per year for weather and climate services,
which amounts to a total of 3 589 billion KRW (or 3.3
billion USD) annually. This is equivalent to 145 per cent
of the annual budget of the KMA. The potential value of
additional improvements in public forecast and warning systems exceeds 45 per cent of the KMA annual
budget. Thus, from the public service point of view
alone, approximately 1 119 billion KRW (or 1.1 billion
USD) represents the value attained from investing in the
forecasting infrastructure at the KMA. It is to be noted
that the value estimated is conservative, as it does not
include the additional value from enhanced services
provided by the commercial sector.
The value of quality assured forecast and warning
production grossly divides into direct and indirect benefits. Timely, accurate warnings directly contribute to
mitigating the loss of life, property, infrastructure and
livelihoods from adverse weather and climate events,
which in turn generate additional indirect benefits for
the commercial sector. But in most cases, these indirect
benefits cannot easily be converted into monetary terms.
Physical protection measures, such as drainage and
dike systems, are considered to offer short-term returns
while measures to reduce vulnerability, such as an
improved understanding of risks, early warning systems
and insurance programmes, provide much longer term
returns. According to the study of Hallegatte (2012), large
returns of up to 36 billion USD can be realized from an
investment of 1 billion USD in early warning systems.
The potential benefit over the cost of investment ranges
from a factor of 4 to 36.
There are many measurable attributes to a forecast
that are often trade-offs – investing in improving one
attribute means loss in another. For example, there is a
trade-off between forecast lead-time and the reliability of
warnings. Increasing the advanced delivery of warnings
affords more time for action, but leads to an increase
in the frequency of warnings that do not materialize, or
the “false alarm rate.” The reverse situation is true for
the reliable warnings, i.e., lower false alarm rates are
achieved with shorter advanced warnings. A 6-hour
lead-time for flood warnings results in a 35 per cent
reduction of damages, whereas a 12-hour lead-time
provides a 60 per cent reduction of damages (Schroter
et al., 2008). Therein lies the complexity of assessing the
value of forecasts and warnings, relative to the several
key attributes of the forecasts.
It is interesting to note that observation has shown that
developing countries only harness part of the full potential benefit from early warning systems. Low-income

countries only gain 10 per cent of the maximum benefit,
while the upper middle-income countries gain about
50 per cent (Hallegatte, 2012). When national security,
disaster risk reduction and sustainable development are
high priority policy areas, there is value to be gained
from investing in early warning and forecast systems.
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the best global NWP centres in 2008), with the reasonable
experimental pathway starting from the initial RMSE value
of the 5th ranked centre, and the averaged RMSE values
of the 5th and 7th ranked centres in 2008.
The gain in terms of the RMSE differences between the
control pathway and the experimental pathways can
be converted into monetary values. The relationship
between investment on NWP software development
and its effect on the lead-time of heavy rain warnings
during the summer months is evaluated from the past
record at KMA to determine the reduction of economic
losses due to earlier warnings. The cost benefit ratio
for the project is 1.1 between the present value of total
benefits of 79 billion KRW (or 71 million USD) and investment cost of 72 billion KRW over the time period from
2011-2029, with the future monetary values discounted
to the present time at the rate of 5.5 per cent per year.
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Damage reduction as a function of lead-time, reproduced
from Schroter et al. (2008).
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The focus now turns to the cost-benefit analysis for major
software developments in order to demonstrate how
to value DPFS. From 2011 to 2019, KMA will develop its
next generation NWP model, while maintaining the high
quality of forecasts through continuous updates of its
Unified Model initially acquired from the UK Met Office.
This project requires additional human and financial
resources. The Korea Development Institute (KDI) has
estimated the monetary value of the project in terms of
the unit increment of warning lead-time. The procedure
for the estimates is presented schematically in Figure 3.7.
For the purposes of estimating value, the RMSE measure
of the 500hPa geopotential height forecasts for day-5
is used. Three experimental pathways and a control
pathway are defined by the rate of improvement in terms
of RMSE, starting at the initial RMSE of 2008.
The constant rate of improvement of 2.6 per cent is
assumed for the experimental pathways with the model
development project, which is based on the average of
RMSEs among developed centres with self-developed
models (KDI, 2010). Different initial RMSEs in 2008 lead
to different evolution of RMSEs in the experimental pathways. In contrast, the slower constant rate of improvement
of 1.4 per cent is assumed for the control or “reference”
pathway, which is based on the past experience in the
absence of a self-developed model at KMA. The prime
interest is to compare the control pathway starting from
the initial RMSE of the UK Met Office (considered among
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Root mean squared errors (RMSE) for day-5 forecasts of
geopotential heights at 500hPa estimated for the period of
model development project (2010-2019), and through 2029.

In addition to the NWP software development project, the annual investment on forecast system tools
requires 7 billion KRW, which is expected to increase
the benefit to be equivalent to 600 billion KRW. The
assumption made is that a 1 minute increase in warning
lead-time is equivalent to a reduction of 0.05 per cent
in damage (KMA, 2003) and a 1 per cent improvement
of forecast accuracy leads to a 2 per cent reduction
of damage (Park, 2002). The establishment of KMA’s
typhoon warning center in a new building with experts
and support staff of 20 professionals and related
operational costs and research funding is expected
to yield cost avoidance of 240 billion KRW – 13 times
the annual operational costs. It is assumed that a 5
per cent reduction of damages can be realized by
improving the early warning system (Korea Institute
of S&T Evaluation and Planning, 2005).
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Fund raising
It is critical to securing the support of policy-makers,
including law-makers and funding agencies, in the
important task of promoting the value of forecasts and
warnings as well as other meteorological services. KMA
actively involves government leaders in key agenda
items to encourage collateral support among different
government agencies and to create the widest possible
market for value-added meteorological products and
services (Kim and Renee, 2005). The Korean government’s
initiative on green growth supports the implementation
of an early warning system for disaster risk reduction,
and extending the application of climate information for
energy conservation and renewable energy production.
The mass media is helpful in drawing the attention of
budget authorities and the national assembly to the need
for investment in DPFS, especially during the recovery
periods from disastrous impacts of severe weather and
climate events.
As a result of promotion and fund raising, meteorological research funds in Korea have increased more
than ten-fold since 1999. Funding has doubled every
five years, which, coincidentally, matches the upgrade
cycles of supercomputers for NWP applications. As
a result, research on meteorological observations,
forecasting, climate and marine meteorology has
significantly expanded.

supercomputer failed to satisfy the public expectation
for 100 per cent accuracy in forecasts, whether in reality
or in their perception of the forecast quality.

Summary
The KMA case study demonstrates the value of investments in DPFS in two areas: technical achievements and
in economic terms. KMA’s aim is to share its experiences
with WMO Members seeking financial support from
governments or funding agencies to further develop
their own DPFS. KMA, in partnership with the Korea
International Cooperation Agency, is ready to collaborate
with DPFS centres in developing countries to share their
knowledge and expertise.
The WMO Global Data-processing and Forecasting
System comprises the data-processing and forecasting systems of all Members and will need to evolve
in a way that permits the sharing of forecast data and
information to complement individual national dataprocessing and forecasting systems in to meet national
multi-national needs.
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