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FOREWORD

The first International Meteorological Congress was held in Vienna in 1873. It led to the creation of the
International Meteorological Organization, which continued to function until 1951, when it was succeeded
by the World Meteorological Organization. The year 1973 was accordingly celebrated as the IMOjWMO
Centenary Year. Celebrations of various kinds were organized on the national level in Member-countries
while on the international level special celebrations were arranged in Vienna and Geneva at the kind invitation
of the Federal Government of Austria and the Government of the Swiss Confederation; these took place in
September 1973.
The programmes of ceremonies in Vienna and Geneva each included appropriate formal meetings, many
social functions and a scientific conference. This present Technical Note reproduces the texts of the lectures
presented at the two scientific conferences.
The first conference, held in Vienna, was to review the science of meteorology; Professor F. Steinhauser,
Permanent Representative of Austria with WMO and Director of the Austrian Central Institute for Meteorology
and Geodynamics, served as Conference Director. The second conference, held in Geneva, was on the economic
and social benefits of meteorology; Mr. R. Schneider, Permanent Representative of Switzerland with WMO
and Director of the Swiss Meteorological Institute, was the Conference Director. I am very happy to have
this opportunity of expressing to Professor Steinhauser and to Mr. Schneider the gratitude of WMO for the
outstanding manner in which they carried these responsibilities. In addition we are greatly indebted to them
for the great assistance they gave in planning and organizing these conferences. Sincere thanks are also due
to the Director-General of the International Atomic Energy Agency for providing the conference rooms in
Vienna, and to the Swiss authorities for providing conference facilities in the International Conference Centre
in Geneva.
The subject-matter for each conference was divided into several sections and for each section an outstanding world expert was invited to present a lecture while another was invited to serve as discussion leader.
The names of those who served in these capacities are as follows:
Lecturers

Discussion leaders

Vienna:

Dr. A. Nyberg (Sweden)
Mr. J. S. Sawyer (United Kingdom)
Professor H. E. Landsberg (U.S.A.)
Professor R. W. Stewart (Canada)
Professor P. Morel (France)
Professor M. Neiburger (Sweden)

Dr. W. J. Gibbs (Australia)
Dr. P. Koteswaram (India)
Academician E. K. Fedorov (U.S.S.R.)
Professor J. Van Mieghem (Belgium)
Dr. E. Siissenberger (Fed. Rep. of Germany)
Dr. B. J. Mason (United Kingdom)

Geneva:

Professor O. Reverdin (Switzerland)
Academician V. A. Bugaev (U.S.S.R.)
Ml'. S. Tewungwa (Kenya)
Professor E. Bernard (Belgium)
Mr. R. H. Clark (Canada)
Mr. P. J. Meade (United Kingdom)

Dr. R. M. White (U.SA.)
Dr. O. Lonnqvist (Sweden)
Dr. G. Echeverri Ossa (Colombia)
Mr. K. Rajendrarn (Singapore)
Professor E. G. Popov (U.S.S.R.)
Mr. J. Bessemoulin (France)

VI

FOREWORD

I am pleased to have this opportunity of expressing the sincere appreciation of the World Meteorological
Organization to these lecturers and discussion leaders for the excellent manner in which they performed their
respective tasks and thereby did so much to contribute to the success of the conferences.
A word of thanks is also due to the many other participants who took part in the lively discussions that
followed the lectures. They all contributed to ensuring that the two conferences constituted a worthy contribution to a memorable occasion.

(D. A. DAVIES)
Secretary-General

CONFERENCE TO REVIEW
THE SCIENCE OF METEOROLOGY

Conference Director: Professor F. Steinhauser (Austria)

Vienna, 4 and 5 September 1973

GENERAL REVIEW OF THE SCIENCE OF METEOROLOGY
DURING THE LAST 100 YEARS - INCLUDING THE ROLE PLAYED BY IMO/WMO
by A. Nyberg
(Swedish Meteorological and Hydrological Institute)

SUMMARY
The human interest in weather phenomena existed in prehistoric times, but meteorology as a science is not
velY old. Little more than 100 years ago this science became so advanced that sound ideas ofpractical application
of it could be developed, leading to the foundation of the International Meteorological Organization in 1873.
The main problems of IMO were the organization of observations and the exchange of observations. However,
much interest was shown in meteorological research and means of co-operation with scientists outside IMO were
found.
WMO was created as a governmental organization in 1951. It was faced with the same main problems as
IMO. The WWWprogramme was started soon after thejirst launch of a meteorological satellite. The development of thermodynamical and dynamical meteorology and the design offast electronic computers made it feasible
to start numerical prediction of air currents leading to improved and extended weather forecasts.
Co-operation with other UN agencies led to considerable improvement of networks and wide application
of meteorology. The co-operation with ICSU in the form of a joint GARP programme is an important step aiming
at a better understanding of the physical processes in the atmosphere and subsequent improved meteorological
services for the benejit of all countries of the world.

Man is very dependent on weather and climate. It is obvious that it has always been so. Already in the
first written messages from the Sumerians reference is made to weather observations. Later on the Greeks
even tried to explain the changes of weather. But most of their observations and speculations were forgotten
during the Roman period and only through the Arabs was part of this knowledge or ideas revived in Europe
in the 11th and the 12th centuries, the views of Aristotle then dominating for several centuries.
It was not until the 17th century that a man like Galileo ventured to fight against the common opinion
of the learned world. The science of meteorology in a modern sense began with the intrs>duction of measuring
instruments with comparable scales. Galileo is believed to have designed the first thermometer. His pupil
Torricelli designed the barometer. Fundamental laws for the physics of the atmosphere were then found by
Boyle, Gay-Lussac and Dalton.
Already in the 18th century Hadley had presented his theory concerning the trade-wind circulation.
However, lack of observations, especially from the upper air, prevented solution of this problem.
Observations of meteorological parameters were started mostly at astronomical observatories. Networks
were organized at first in Italy and then by a learned society at Mannheim in Germany, in the late 18th century.
These networks were discontinued due to wars but Brandes seems to have used the observations collected in
Mannheim for the construction of the first synoptic weather chart in about 1820.
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Foundation of the International Meteorological Organization

In the beginning of the 1850s one started to use weather observations for practical work. A young American
lieutenant, Maury, wanted to organize observations on all seas to explain winds and currents and he succeeded
in arranging the organization of an international meeting in Brussels. Soon thereafter, Meteorological Services
were established in a number of countries in Europe and in the United States.

One necessary condition for a successful prognostic activity was the invention of the telegraph. With the
aid of the telegraph, charts could be prepared and forecasts issued within a time span shorter than the validity
of the forecast.
From the beginning it was clear that a synoptic method called for an exchange of observations between
the countries and international co-operation.
The first large international meteorological meeting was held in 1872 in Leipzig, for the preparation of
the conference in Vienna the following year, which is now considered as the birth of the International Meteorological Organization (IMO). The Government of Austria issued an official invitation through diplomatic
channels to governments in all countries having a Meteorological Service to send delegates to the congress
of directors in Vienna in September 1873. The chairman was the director of the Dutch Meteorological Service,
C. H. D. Buys Ballot. The conference discussed questions relating to instruments and definitions of many
meteorological phenomena in order to get common methods of observation and also similar forms of publication. Many of the decisions were valid for several decades and the problems which at that conference were
the most important ones are still in the centre of interest of the Meteorological Services and WMO.
One important question, which will often be discussed in the following, was that, on account of the official
character of the meeting, a number of outstanding meteorologists working outside the national Services were
not invited to participate, a fact which was deeply regretted by the delegates at the meeting.
A permanent International Meteorological Committee (IMC) which was established made preparations
for the next international meteorological congress, which was held in Rome in 1879 at the official invitation
of the Italian government. On this occasion "Statutes of the International Meteorological Organization" were
accepted. Decisions in Rome also led to the organization of the International Polar Year 1882-1883.
The next congress was also planned to be an official one but many meteorologists disapproved of the
system of an official governmental representation and therefore the international meteorological congress so
to say abolished itself; a new conference of directors was convened in 1891 in Munich, in which the chiefs of
the Meteorological Services were invited to take part as private experts. IMO then worked as a non-governmental
organization for 60 years.
The need for an international meteorological bureau to act as a Secretariat was discussed. However, there
was no agreement on that point and the first Secretary, Mr. Scott (U.K.), had to conduct the business of this
bureau without any contribution from other countries.
The first commission of experts was appointed in Munich for the preparation of a cloud atlas for observers.
Four permanent commissions were set up at a congress in Paris in 1896 for electromagnetism (which was
considered a meteorological phenomenon), aeronautics, the radiation of sky and sun and the study of clouds.
At the next meeting of the International Meteorological Committee in St. Petersburg a commission for weather
telegraphy was established.
In 1907 M. Angot, from France, presented a very important proposal concerning a network of observations
covering temperate as well as subtropical and polar areas. The committee appointed a commission for the
Reseau Mondial, and the work of this commission is still continued today as a part ofthe World Weather Watch.
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Scientific results up to 1914

Meanwhile, great steps forward were made in various scientific branches of meteorology.
Buys Ballot found the empirical relationship between air pressure and wind direction and the physical
explanation for this rule was given in 1884 by Ferrel, who explained this rule as a cause of the pressure gradient,
the friction and the rotation of the Earth.
In order to understand the dynamical processes in the atmosphere it was necessary to study the thermodynamical processes. An important contribution in this field was made by Margules, who showed how potential
energy is converted into kinetic energy when cold air in higher levels sinks down below warm air, which is
lifted. The laws of thermodynamics were developed during the 19th century and were soon applied in meteorology. An adiabatic paper, designed by Hertz, was described already in 1884.
V. Bjerknes wrote the general equations of motion in the atmosphere in the form in which they are used
today. His circulation theorem, which was supposed to explain the formation of the wind, was also described
with the aid of the solenoid fields in the adiabatic paper.
Besan<;:on and Hermite successfully launched the first balloon-sonde in 1892. Assmann designed the first
ventilated barothermohygrograph to be used in a balloon. Later Assmann and Tesseirenc de Bort discovered
the stratosphere.
Radiation problems were soon studied intensively. The question of the solar constant led to numerous
scientific discussions.
The increased activity in meteorological observations in many countries of the world gave the climatologists
the possibility not only to give general descriptions but also to systematize the various climates of the world
in quantitative terms.
Science 1919-1939

During the First World War, which interrupted international co-operation, the synoptic network in many
countries was considerably increased in order to compensate, to some degree, for lack of observations from
abroad. On this basis of a substantially enforced network in Norway and on the theoretical works by
V. Bjerknes the so-called Bergen School started its activity and in 1919 already J. Bjerknes presented the model
of the cyclone well known later on. The ideas of the Bergen School were developed further. Tor Bergeron
systematized the weather phenomena, described them in detail and disseminated knowledge of the Bergen
School ideas through papers and lectures, inter alia in the synoptic commission of IMO. The concepts of fronts
and air masses became more and more used in the scientific literature and in the daily routine work.
New efforts were also made by representatives of the Bergen School to interpret the general circulation
starting from the Hadley model modified by Ferrel and others.
A. Defant, A. Angstrom and Jeffreys took up the question of the meridional heat transport by air currents,
which is mainly carried out through cyclones and anticyclones. Defant also discussed the heat flux by ocean
currents.
The light and cheap meteorograph constructed by W. H. Dines and later Jaumotte was used by J. Bjerknes,
Palmen, Van Mieghem and others to study in detail the three dimensions of the atmosphere up into the stratosphere. Regular meteorological airplane ascents in central Europe, analysed first by Scherhag, were the basis
for a daily synoptic aerological service up to the 500 mb level. The radiosonde introduced by Moltchanov and
Bureau, later VaisaHi and others, was a revolutionary tool for increasing the knowledge of atmospheric conditions, the understanding of the atmospheric processes and the utilization of this information in the daily forecasting.
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In the hydrodynamic field a remarkable contribution was made by L. F. Richardson who, on the basis
of the equations of motion, developed a technique to compute the changes of the air circulation with time.
Richardson's work was a revolutionary opening to the use of exact methods in weather forecasting. It failed
at the time due to the non-availability of necessary technology. It was, however, drawn to attention and reappraised some decades later, when the arrival of electronic computers with increasing capacities initiated a
vigorous development in the field of numerical weather prediction.
Another area which was considerably developed during this period was turbulence. In Austria, W. Schmidt
introduced the "Austausch" concept, the eddy conductivity and eddy convectivity. Von Karman dealt with
the friction problem and Prandtl's idea of the mixing length is also of great importance. Later Sir Graham
Sutton introduced statistical methods in the theory of turbulence, further developed by a number of scientists.
These contributions had great importance in studies of evaporation, of the water cycle and also with regard
to the exchange of energy between the air and the surface of the Earth.
Already before the First World War, A. Wegener had arrived at the hypothesis that rain was formed when
ice particles were created in the upper parts of the clouds and, when falling, hit supercooled droplets which
were then crystallized. These ideas were taken up by Findeisen, Bergeron and others in the 1930s.
IMO 1919-1939

The First World War was a break in the international co-operation in meteorology. On the other hand,
during the war many new demands were made on the meteorologists, especially to give information for military
aviation. After the war similar demands were made upon the weather services due to the growing civil aviation.
Eight months after the armistice, in July 1919, a meeting was held in London by a number of members
of the former international meteorological committee, led by its president, Sir W. Napier Shaw. It was felt
that IMO should continue to play a leading role in meteorology and it was decided that the IMC should be
re-established.
It was noticed that two new organizations were being established which had clear relations to meteorology.
There was an International Commission for Air Navigation (ICAN), which was established to prepare intergovernmental rules for civil aviation. This organization was a governmental one and the increasingly close
co-operation between ICAN and IMO presented some complications because of the organizations' different
status, and gave continued actuality to the question of transforming IMO into an intergovernmental organization. The other newly created organization, the International Union for Geodesy and Geophysics (IUGG),
with its several associations - among which there was one for meteorology - , had a purely scientific character.
From the beginning many IMO Members participated regularly in the IUGG meetings. More will be said
about the collaboration with this organization in the course of this conference.

The work of IMO was carried on during the period between the two World Wars by regular conferences
of directors, meetings of the International Meteorological Committee and of the 12 commissions, which had
been established in the early 1920s.
Due to the ever-growing demands on the Organization, the International Meteorological Committee
decided in Vienna in 1926 to establish a small permanent Secretariat, financed by contributions from the various
countries. It was located in De Bilt in Holland and worked in close contact with the IMO President, van Everdingen.
An Important matter discussed at several meetings was the need for regional activities. Already in 1880
the representatives of New Zealand and Australia had come together to discuss common problems and in
1930 in Hong Kong there had been a meeting where many problems in the Far East were discussed which did
not exist in Europe, and a certain decentralization of IMO's work was requested. The conference in Warsaw,
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in 1935, therefore established regional commissions (later "associations") to deal with special problems in
limited areas. The first regional commission meeting was held in Africa in Lusaka in 1936. The same year
a regional commission for South America was established and later on also for North America and for the
South-west Pacific.
At the International Meteorological Committee meeting in Warsaw, immediately following the conference
of directors, Dr. Hesselberg from Norway was elected president ofthe Committee. Dr. Swoboda was appointed
Secretary after Mr. Cannegieter.
The next conference of directors was planned for Washington in 1941 but it had to be postponed due to
the outbreak of the Second World War. For the same reason, the Secretariat was hastily moved from De Bilt
to Lausanne, Switzerland.
Scientific progress since the 1940s
The Second World War, like the first one, brought a freezing of international co-operation, combined
with intensified technological and scientific activity on the national level.
One of the most outstanding scientific achievements during and after the war was made by Carl-Gustav
Rossby, who showed that it was possible to explain a large part of the phenomena of large-scale motion in
the atmosphere, observed by the aid of the network of radiosondes, by using the assumption of the conservation
of the absolute vertical vorticity of air masses. Using a rotating pan filled with liquid - and heated at the
periphery - D. Fultz was able to show considerable similarities with the atmospheric circulation.
It was, however, not until the electronic computer had been developed that it was feasible successfully to
attack the problem of solving the hydrodynamic and thermodynamic equations of the atmospheric motions,
with the purpose of explaining the changes of this motion with time and of making useful weather forecasts.
Rossby's theories and his own personal enthusiasm influenced Jules Charney and John von Neuman to try
the electronic computer on the numerical forecasting problems. We know the successful development of this
undertaking. The work by Starr, Priestley, Mintz, Palmen and others demonstrated the importance of the
regional transport of heat and momentum and also the existence of the Hadley cell in a quantitative way.
Another important step forward was Philips's numerical experiment on the general circulation ofthe atmosphere
in 1956 where he used the technique of simulation, which has since been successfully followed by many other
research workers in the field of the general circulation. In those experiments one starts from an atmosphere
at rest introducing differential heating as well as friction. The most complex of the experiments has been
conducted by J. Smagorinsky and collaborators and the results bear a close resemblance to conditions in the
real atmosphere.

After the demonstration by Langmuir and Schaeffer that carbon ice particles dissolved liquid supercooled
fog, cloud physics developed especially in its applications. Numerous experiments in cloud dissolution, rain
making and hail prevention are carried out all over the world, some of them seemingly with some success.
The question of man-made climatic changes has been treated by many scientists. An increase in the content
of carbon dioxide in the atmosphere, due to combustion of fuel, affecting atmospheric temperatures, was
suggested by S. Arrhenius in the 1880s as a cause of climatic changes. Later theoretical studies indicate that
the increase of temperature may be of serious concern within a few decades. Some investigators believe on
the other hand that increased amounts of pollution in the form of suspended matter in the atmosphere, especially in the stratosphere, may have a considerable cooling effect. For a better understanding of the atmospheric
circulation the interaction between dynamic and radiative processes must be taken into account as stated by
Professor Kondratyev inter alia. This problem can only be solved at the present time by applying semi-empirical
theories and statistical parameterization based on the use of all available observational data.
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While at the beginning of the century most of the efforts in meteorological research were devoted to
phenomena in the temperate zones, during the last decades much work has been concentrated upon tropical
conditions. Flights through the area of the hurricanes, radar and satellite observations and theoretical work
have led to a better understanding of the dynamics of the hurricanes.
The combined efforts in technology and science which led to the development of artificial satellites and
their applications in meteorology opened up entirely new perspectives in the field of observations and their
exchanges. The first U.S.S.R. SPUTNIK was launched in 1957. The first meteorological satellite launched by
the U.S.A. on 1 April 1960 showed cloud systems confirming the pictures of fronts presented by the Bergen
School. Radiation measurements from the Earth's surface and the upper parts of clouds gave additional
information of meteorological interest.
Recently the SIRS system was developed for determination of the vertical temperature distribution in
the clear atmosphere by radiation in measurements. Methods are being developed to increase the usefulness
of SIRS in areas which are partially covered by clouds.
The APT system is a much appreciated aid to weather services all over the world.
All these developments led to a generally accepted opinion that research in meteorology on a global scale
and even on a regional scale can be arranged only through international co-operation between countries and
in this context the role of WMO as co-ordinator is steadily increasing.
Let us therefore go back to the history of the Organization after the Second World War.
The World Meteorological Organization
In order to re-establish the programme of the Organization after the Second World War and to elect new
IMC members, an extraordinary conference of directors was called in London in 1946.
The new IMC was given the task of studying a proposal for a new convention which had been worked out
during the war by Dr. Hesselberg and the Secretariat on the basis of discussions at previous meetings of IMO
and comments received from countries.
Sir Nelson Johnson was elected President and had to lead the last phase of the change-over from IMO
to the World Meteorological Organization, a specialized agency of the United Nations. Dr. Hesselberg stated
that it seemed right that a state should have a more decisive influence on international co-operation in the
field of meteorology than at the time of IMO. However, it was emphasized that WMO should have a purely
technical character and its decisions would have to be made on a scientific basis.
On 23 March 1950 WMO came into being and its first Congress in 1951 accepted the status and structure
of the new Organization. WMO was to co-operate with other specialized agencies of the United Nations and
therefore the Secretariat was moved to Geneva. Its staff was increased to 35 members. Dr. Reichelderfer
was elected the first President of WMO. The IMC was replaced by an Executive Committee and six regional
associations and eight technical commissions were established with clear terms of reference.
WMO's activities in the scientific field
Although the main aim of WMO is the promotion of meteorological services, research was from the
beginning an essential concern. Article 2 of the new Convention lists among the purposes "to encourage
research. .. and to assist in co-ordinating the international aspects of such research ... " .
The eight technical commissions were established in order to keep abreast of scientific and technical
developments relating to their respective fields and to identify problems and requirements within their fields;
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to advise the relevant WMO bodies in this respect; and to maintain, through appropriate channels, close cooperation on scientific and technical matters with other relevant international organizations. One commission,
later renamed the Commission for Atmospheric Sciences, had the task of promoting all branches of the meteorological science, in addition to the specialized scientific research within its own field with which each technical
commission is concerned.
From the beginning, many of the activities of WMO served both practical purposes and scientific development. An important role in this connexion is played by the publications of WMO: e.g. regulatory material,
such as the Technical Regulations and their annexes, among them the International Cloud Atlas, which are
prepared by a wide community of experts; further, Guides within different disciplines, nomenclatures and
terminology; and publications such as the International meteorological tables and Catalogue of meteorological
data for research.
A long series of Technical Notes was started, which summarizes the status, requirements and problems
within different branches of meteorology and their applications, including reports on more specific studies
carried through by different bodies of WMO.
Specifications for national and regional climatic atlases for land areas were issued and WMO assisted in
the arrangements to have some regional atlases printed by Members or organizations. Steps were taken for
the establishment of similar specifications for sea areas and the free atmosphere.
Increased research in tropical meteorology, inter alia by establishing working panels and groups and
sponsoring and encouraging the establishment and operation of research institutes in this field, were an early
concern of WMO. WMO showed its interest in research by the creation of the IMO Prize and tries to stimulate
young research workers by the WMO Research Awards. Symposia in different scientific branches are regularly
organized. The visiting scientist programme was introduced as well as IMO Lectures and scientific discussions
at Congress and sessions of other WMO bodies.
Increased co-operation with international scientific organizations led to the conclusion of a formal working
agreement with IUGG already in 1953~1954 and was strengthened by common activities during the International
Geophysical Year and subsequent joint projects. By the working arrangements agreed upon between WMO
and IUGG, WMO recognized IUGG "as an international forum for the achievement of meteorology as a
science", while IUGG recognized WMO as having "the primary responsibility for the international organization
of meteorology, for the furtherance of its application to all human activities and for the promotion of meteorological research and training through intergovernmental co-operation". Working arrangements with the
International Council of Scientific Unions were concluded in 1960 and the collaboration has been intensified
in a unique way in the subsequent years.
In the development of meteorology an important role was played by the new devices, the computer and
the satellites, which meanwhile dominated large fields of meteorology and also had considerable repercussions
on the activities of WMO.
The launching of the first SPUTNIK in 1957 was immediately realized by the Executive Committee under
the Presidency of Mr. A. Viaut as a vast potentiality for the future development of the observational system. In
1959 a small panel of experts was set up to carry out continuing review of possible meteorological implications.
The panel consisted of Messrs. Bugaev, Wexler, Gibbs and Robinson, representing the two satellite-launching
countries and the two technical commissions most concerned, those for synoptic meteorology and aerology.
Already early in the 1960s the United Nations General Assembly adopted Resolutions 1721 (XXVI) and
1802 (XXVII) on Outer Space, asking WMO to take steps to use the satellites for improving meteorological
services all over the world and calling for the collaboration of the International Council of Scientific Unions
(ICSU).
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This led the Secretary-General of WMO, Dr. D. A. Davies, to speedy action: two consultants, Dr. Wexler
and Professor Bugaev, assisted by Dr. Alaka, drafted the first principles of a world system. The concept of a
revised world meteorological system was endorsed by Fourth Congress in 1963 under the name of World
Weather Watch.
In view of the increasing attention to scientific and technological developments, Fourth Congress also
decided that an Advisory Committee, composed of twelve highly qualified experts in the field of atmospheric
sciences, should be set up. It should advise the Executive Committee on, among other matters, principal
research problems in the atmospheric sciences, including methods of ensuring the availability of data for
research, and on scientific and operational aspects of the objectives set forth in resolutions of the General
Assembly of the United Nations. The committee should in these activities maintain close contact with other
international organizations engaged in the science of meteorology and related disciplines. The committee was
set up in consultation among WMO, ICSU and Members.
This was the beginning of intensive activity involving contributions of Members, of experts as consultants, and the Secretariat with its newly established Planning Unit, as well as many WMO bodies in the development of a comprehensive plan for observational methods and networks, communications systems, processing
centres, data distribution and other essential functions of such a system.
In 1967 Fifth Congress adopted the first World Weather Watch plan, as well as the programme for its
implementation, including the Voluntary Assistance Programme (yAP).
In the continuing WWW planning, numerous features for the furthering of scientific activities have been
included, such as investigations of methods for data storage and retrieval and the inclusion of data-centre
functions for different elements in the responsibilities of World and Regional Meteorological Centres.
In devising an improved meteorological system it was recognized that any major break-through in achieving
more accurate forecasts and in extending the range of forecasts depends on an improvement of the scientific
knowledge and understanding of the atmosphere and its processes.
This recognition, reinforced by Resolution 1802 (XXVII) of the United Nations, directed to both WMO
and ICSU, led to considerable discussions in the Advisory Committee and in the Committee on Atmospheric
Sciences of IUGG, and a proposal was made by ICSU to start a Global Atmospheric Research Programme
(GARP). The GARP was adopted as an essential part of the World Weather Watch by Fifth Congress in
1967 as "an entirely research-oriented co-operative international meteorological and analytical programme
with the goal of producing a vastly improved understanding of the general circulation of the global atmosphere
- a goal thus shared with the WWW".
Congress also endorsed the proposal made by the Advisory Committee for a Joint WMOjlCSU Organizing
Committee (JOC) to be established to plan the GARP. A small permanent joint planning staff, located in
the WMO Secretariat, was established. The GARP agreement between WMO and ICSU was signed on
10 October 1967.
The GARP is a new venture in the history of meteorology. The close co-operation with IUGG in earlier
international projects such as the International Geophysical Year and the International Years of the Quiet
Sun was within the framework of general geophysical projects. The GARP is the first international project
entirely centred on meteorology. The established GARP co-operation seems largely to provide a solution to
the long-felt problem of co-operation between governmental and non-governmental experts in meteorology.
The progress towards the realization of the First GARP Global Experiment in 1977 has been of importance
in several ways. First of all, national plans for meteorological satellites have tentatively been geared towards
providing maximum coverage in that year. Secondly, support has been given for developing the balloons,
buoys and other facilities that have been judged to be of potential importance for GARP. Thirdly, an international plan for further experimentation with numerical models has been laid down and research laboratories
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in various parts of the world have accepted responsibilities within this overall plan. Working groups with
scientists from different laboratories have been formed to pursue studies of particular importance and in this
way to contribute to the formulation of more advanced global models of the atmosphere than exist today.
Numerous activities of WMO have not been mentioned in this survey although, in a less direct way, they
may eventually have repercussions on the development of meteorological science, such as the intensive training
activities, in which Professor Van Mieghem made outstanding contributions, as well as WMO's participation in
the UN Technical Co-operation activities.
The close co-operation with other agencies of the United Nations family and the intensification of the
application of meteorology to human activities during recent years have also broadened the field of WMO's
scientific activities.
As one example for the variety of problems presented to the Commission for Special Applications of
Meteorology and Climatology, I should like to mention the intensified studies of urban climates, initiated due
to the accelerated global urbanization. Earlier qualitative speculations led to some general ideas in this field.
Now comprehensive computer models are prepared for planning and warning purposes on the basis of complex
scientific investigations.
Hydrology and oceanography are two fields which originally entered into WMO's activities due to their
growing practical importance for human development and use of natural resources. This led to interdisciplinary
scientific projects in co-operation with other agencies.
Already in the 1950s WMO co-operated with Unesco in the arid zones project. Growing demands led
to the establishment in 1959 of a Commission for Hydrometeorology, in 1971 renamed "Commission for
Hydrology". WMO is now co-operating fully with Unesco in the International Hydrological Decade. The
size and variety of WMO's IHD activities can be estimated by the growing series of Reports on WMOjIHD
Projects published by the Organization.
The United Nations General Assembly adopted in recent years a number of resolutions relating to the
oceans. The most important one for WMO was Resolution 2172 (XXI) - Resources of the Sea, which calls
for a comprehensive survey of activities in marine science and technology to be undertaken by Members of
the United Nations family of organizations, various Member States and inter-governmental organizations
concerned and other interested bodies. The Executive Committee in 1968 stressed the close scientific relationship between meteorology and physical oceanography.
Meteorological research is thus essential for attacking oceanographic problems. The reverse is also true.
Thus in fundamental research there is a need for closest possible collaboration between the meteorologist and
the physical oceanographer. The IOCjWMO Integrated Global Ocean Station System (IGOSS) is a parallel
to the World Weather Watch and IGOSS could not be developed without using WMO knowledge. WMO
has consequently established internal bodies and participates in joint working groups with other organizations
with the task of giving advice to both IOC and WMO in the development of IGOSS and programmes based
upon it - for example, the Global Investigation of Pollution in the Marine Environment (GIPME) and the
Long-term and Expanded Programme of Oceanic Research (LEPOR).

Conclusion

During the past century meteorology as a science has developed vigorously and meteorology has now
practical applications in many activities in most countries. In this development IMOjWMO has played an
important role as a co-ordinating body with full recognition of the significance of purely scientific problems
for the practical applications.
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We are now living in a time of intensified development of science and technology in observations, dataprocessing and communications; growing attention is paid to the necessities of co-ordinated research, on both
an international and interdisciplinary scale. Within the near future the first GARP experiments will present
an unpr~cedented opportunity to reach a better understanding of the physical processes of the atmosphere by
the combined and co-ordinated efforts of national Meteorological Services, universities, research institutions
and laboratories all over the world, as well as WMO and ICSU.
This scientific progress, together with the contributions of intensified research in numerous other fields
of meteorology, will enable meteorological offices to provide improved services for the benefit of the economic
development in all countries with due regard to the proper treatment of the human environment.

WEATHER FORECASTING - ITS PAST AND FUTURE
by J. S. Sawyer
(United Kingdom Meteorological Office)

SUMMARY
The development of weather forecasting methods over the past 100 years is traced through its various phases.
Initially the methods were purely empirical but the need to base forecasting on physical principles was soon
recognized. Empiricism and physical ideas were combined in the development of forecasting techniques based
on the Norwegian frontal theOly around 1920. The next major step was the introduction of hemispherical charts
and understanding of the long waves in the 1940s.
Numerical weather prediction methods have gradually transformed the work of forecasting services in the
past decade and a further impact can be expected as dynamical methods are extended to smaller-scale weather
systems. Satellites and radar have also put at the forecasters' disposal a very extensive amount of new data, but,
as yet, they have been employed mainly in an empirical manner.
A major problem for the future will be in finding a proper balance between the efforts devoted to the collection
of data, their numerical analysis and final presentation as a forecast, a stage into which some subjective judgment
must usually enter. The level of these efforts must also be related to the value of the forecasts to the user.

Forecasting 100 years ago
On such an occasion as the present, it is natural to start a review of the development of weather forecasting
with the position at the time of the Vienna Conference 100 years ago. However, it is perhaps rather surprising
to find on reading the Proceedings of the Vienna Congress (1) * that very little attention was given to methods
of forecasting. The only relevant item of the programme was to determine whether "the interchange of weather
telegrams appears so useful that it should receive a fuller development and firmer organization". The Congress
gave the answer "yes" to this question, but its views on the desirability of forecasting were cautious. The
relevant subcommittee had asked for opinions from representative meteorologists, and had received a threeto-one vote in favour of the issue of storm warnings, but the views in regard to more general issue of forecasts
were very divided. Possibly there was at that time a certain measure of disillusionment following the period
in which the development of the electric telegraph had first made the construction of current synoptic charts
possible, and the enthusiasm with which this had been hailed as the key to weather forecasting may have been
waning.
It is interesting to note, however, that at least one of the meteorologists who were consulted, Professor

Mohn, of Norway, already had ideas of future forecasting methods based on calculation (and even of networks
of automatic weather stations). He appealed for the study of the relation between pressure and wind that
would make this possible (2).

*

See references on p. 27.
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It is not surprising that our predecessors of 100 years ago found weather forecasting a daunting prospect
when one looks at a weather chart of the period (Figure 1) containing surface observations only. Forecasters
of the day recognized storms as moving weather systems which could be traced from chart to chart, and their
motion extrapolated. They were also aware of the close relation between pressure and wind as an empirical
relationship - Buys Ballot's law. On this basis, useful predictions could be made of the gales arising from
well-developed moving depressions once the storm approached the European seaboard, but there was no basis
for the prediction of storm development or irregular movement.

The remaining years of the 19th century saw a gradual development of more general forecasting for 24 to
36 hours ahead by the empirical use of the surface weather maps, analysed primarily by means of isobars of
sea-level pressure. The main advances were in the identification of the features of the pressure field - the
depressions, anticyclones, secondary depressions and ridges, etc. - and, more important, the recognition of
the characteristic weather which accompanied them. The description of the weather to be expected around
the centre of a moving depression was given by Abercromby in 1885 (3) in his paper on the Principles offorecasting by means of weather charts. It shows all the main features which were subsequently incorporated into
the more familiar model of the frontal depression by the Norwegian school. Such pictures of the weather
associated with isobaric features provided the 19th century forecasters with a basic pattern for forecasting
which has survived until the present; the first step is the prediction of the pressure field by extrapolation and
the second is its interpretation in terms of weather by means of empirical models. However, at that time the
life cycle of depressions was not recognized.
Towards the end of the 19th century one also finds the beginning of ideas on extended forecasting. Weather
types were identified in terms of the prevailing run of the isobars and the persistence of certain weather types
was recognized. There was, however, no basis for the prediction of the change from one type to another.
During the latter part of the 19th century also the circular and migratory characteristics of tropical storms
were established, but it was not until the turn of the century that a hurricane warning system could be established
in the Caribbean. The difficulty was the inability to communicate reports from ships at sea, and the initial
warning systems had to be based on coastal and island stations with telegraphic facilities.
Forecasting in the twentieth century

During the first
there was a gradual
understanding of the
to the interpretation

two decades of the 20th century forecasting practice underwent little change, although
expansion of the network of surface reporting stations. There was also an increasing
physical processes involved in the formation of cloud, fog, rain, etc. and this was applied
of the weather chart and the prediction of such phenomena.

Rather separate from the routine work of the forecasting services, there was an active theoretical interest
in the dynamics of the atmosphere. A remarkable product of this activity was the book by V. Bjerknes and
his collaborators (4) published under the title Dynamic meteorology and hydrography. It is worth quoting the
optiInistic views expressed on the prediction problem.
"Inasmuch as we know the laws of hydrodynamics and thermodynamics, we know the intrinsic laws according
to which the subsequent states develop out of the preceding ones. We are therefore entitled to consider the ultimate
problem of meteorological and hydrographic science, that of the precaIculation of future states, as one of which
we already possess the implicit solution, and we have full reason to believe that we shall succeed in making this
solution an explicit one according as we succeed in finding the methods of making full practical use of the laws of
hydrodynamics and thermodynamics."
For many years the goal outlined in this passage appeared almost unattainable but V. Bjerknes and his
co-workers in Norway initiated an attack on the problem of quantitative forecasting in a remarkably thorough
way. As a start they built the techniques necessary for the three-dimensional diagnosis of the dynaInics of
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the atmosphere - basically our current techniques of upper-air analysis - and a great deal more. However,
their aims in regard to forecasting were probably mainly towards the analytical solution of the mathematical
equations, and the atmosphere has proved to be too complicated in structure for analytical solutions to be
possible. Analytical solutions are possible only in respect of the simplest models, which are then too simple
to describe the atmosphere adequately for forecasting purposes.
It was L. F. Richardson (5) in the United Kingdom who first realized that it would be only by numerical

finite-difference methods that solutions of the predictive equations would be obtained with sufficient detail and
similarity to nature to be of practical value in forecasting. Over the years from 1911 to 1921 he studied the
problem of numerical solution of the predictive equations, and formulated a remarkably comprehensive procedure which not only solved the dynamical equations of momentum, continuity and thermodynamics, but
which included terms representing small-scale turbulence, radiative processes, etc. in manners very similar
to those used in modern predictive models. Despite many difficulties - his manuscript was lost in France
during the 1914-1918 war and found again under a heap of coal- Richardson applied his computing methods
to one specific synoptic situation and the account of his work in his book Weather by numerical process is
written around this worked example. The calculation was a failure, but this is not surprising in view of the
very meagre information on the free atmosphere with which Richardson was working. The need to work with
pencil and paper meant also that there was no opportunity to learn by computational experience. With a
modern computer at his disposal Richardson would, no doubt, have progressed much farther. It is interesting
to read in his preface,
"Perhaps some day in the dim future it will be possible to advance the computations faster than the weather
advances, and at a cost less than the saving to mankind due to the information gained. But that is a dream."
Richardson's own estim~te was that it would require 64000 human computers, working with the resources
of the time, to keep pace with the weather - but nevertheless numerical forecasting came to fruition in his
lifetime.
Richardson's work made no impact upon the practice of weather forecasting at the time. This is entirely
understandable since (a) it was completely impractical to carry out the calculations, and (b) the only calculations that had been performed led to impossible results. There was therefore little inducement to the practising
forecasters to study Richardson's remarkable and penetrating analysis of the forecasting problem. However,
even if they had done so they would have found relatively little which could have been directly applied to
forecasting in a descriptive or qualitative manner. This is one of the difficulties of working with the "primitive
equations" (the first-order momentum equations) even today. They can give the right answer, but it is not
readily possible beforehand to see qualitatively what that answer may be.
Although the dynamical advances of V. Bjerknes and Richardson may have provided little assistance to
the forecaster, there was one dynamical result which was formalized during this period and which became the
forecaster's basic tool. This is the geostrophic and gradient wind relation; also the "thermal wind" relation
- the relation of wind shear to temperature gradient. E. Gold's paper (6), in which he derived these relationships and verified them from an analysis of pilot-balloon observations, put the geostrophic wind and the
gradient wind on a firm basis.
The period of frontal and air-mass analysis
Nevertheless it was the ideas of frontal and air-mass analysis, introduced by the Bergen School of meteorologists, which brought about the first major change in forecasting practice since the beginning of the era
of the synoptic chart. The concept of a front and the frontal structure of depressions first received explicit
formulation in a remarkable eight-page paper by J. Bjerknes (7). The ideas were rapidly elaborated by members
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of the Bergen School and by others. Gradually a comprehensive system of air-mass analysis developed in
which the three-dimensional structure of the atmosphere was largely inferred from the surface weather observations, and the empirical models of the structure of fronts aloft. A very full use was made of the observations
of cloud structure for this purpose and indeed one of the values of the Norwegian-style analysis was the discipline which it imposed upon the forecaster to examine every component of a synoptic observation and to
endeavour to fit it into a mental image of the synoptic situation according to the Norwegian model. The work
of T. Bergeron (8) was particularly significant in establishing the basis for such thorough synoptic analysis.
It took the best part of two decades before frontal and air-mass analysis were fully established as the basic
practice of forecasting throughout the extratropical areas ofthe world. However, for the forecasters a considerable advance had been made from several points of view. These may be enumerated as follows:
(a) The empirical models of fronts made it possible to identify a front from a few clues -

an observation
of cirrus here, a wind change there, a pressure tendency and so on. Given these clues, the forecaster
could infer a comprehensive pattern of weather over a wide area and extrapolate its motion with that
of the front;
(b) The frontal model provided a more flexible model of a depression than the isobaric pattern alone,
allowing the forecaster to interpret the internal distribution of weather within the cyclonic system;
(c) The identification of a life cycle in the structure of depressions provided a means of recognizing those
which were likely to intensify and those which were already mature - an important advance on
the mere extrapolation of their motion; and
(d) The identification of air masses, their trajectories and their transformation encouraged the forecaster
to base his prediction of weather within an air mass upon qualitative estimates of the effects that the
physical processes of radiation, convection and turbulence would have on the air mass during its
extrapolated movement.
However, despite its very considerable practical value as a forecaster's tool the Norwegian theory of fronts
contributed little to the theoretical understanding of the forecasting problem. Indeed, it may even have held
back the search for a completely satisfactory theory. The idea of "up-gliding" of the warm air along the
frontal surface above a relatively inert cold air mass is so plausible that to many meteorologists it might have
appeared unnecessary to question why the warm air should move upward, or why the warm sector depression
should occlude. More recent studies make it clear (Sawyer (9) and EIiassen (10) ) that the mere juxtaposition
of warm and cold air masses provides no explanation of the ascent of the warm air. It is apparent that the
process of "frontogenesis", in which the frontal zone is narrowed and made more intense by the larger-scale
motions, plays an important part in generating the vertical movements of air at fronts. It is, perhaps, interesting
to compare the ideas of frontal structure as they are now emerging with the original model of the Norwegian
school. This is done in the cross-sections of a warm front in Figure 2. Note that the large-scale confluence
builds up the temperature contrast and shear zone in both the lower and the upper troposphere, and in these
regions it may reach an intensity which is necessarily limited by turbulence when the Richardson number is
exceeded as a result of the increasing shear (Browning et al. (11)). In mid-troposphere the temperature contrast
is weakened by the vertical circulation - both downward and upward motion being important.
Much more remains to be learned about fronts. In particular we need to understand how the planetary
boundary layer links with the frontal surface and the role that turbulence in this layer near the ground may
play in determining the structure in the important lower layers of a front.
Because the frontal theories of the 1920s to 1940s gave no valid explanation of the vertical air movements
at fronts, it could provide no adequate prediction of the amount of rainfall to be expected. Indeed, one of the
forecasters' most difficult problems was to distinguish between fronts which produced much rain and those
that resulted in only trivial amounts or none. This is a problem which is still unsolved, although progress is
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SCHEMATIC WARM FRONT AS PROPOSED BY
J. BJERKNES 1918

SCHEMATIC WARM FRONT IN ACCORDANCE
WITH CURRENT IDEAS
Figure 2 -

Cross-sections of a warm front according to
and according to more recent ideas

:J. Bjerknes

being made by numerical models. However, in recent years radar has clearly demonstrated that the rainfall
distribution often shows an organized pattern on a horizontal scale still smaller than that of the front itself.
A typical structure is described in a paper by Browning and Harro1d (12). Noteworthy are centres of heavier
rain arranged in bands parallel to both the warm and cold fronts; also an area of steadier rain well ahead of
the surface front. Although the prediction of the position and intensity of the individual patches of heavier
precipitation would clearly only be possible if they were under surveillance by radar or a very dense automatic
reporting network, it is still unclear how far their existence and characteristics need to be taken into account
in broader predictions of the rainfall to be expected from a particular frontal system.
This review of the era of forecasting dominated by frontal analysis of the surface chart would be incomplete
without reference to the efforts of S. Petterssen and others to codify the procedures, and in particular, to place
extrapolation of pressure systems on a mathematical basis. Petterssen's book published in 1940 (13) represents
the climax of this development.
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The era of hemispheric analysis and the long waves
The next important stage in the development of forecasting came with the development of hemispherewide networks of upper-air soundings. Some regular soundings of the free atmosphere had been available
from aeroplanes in the 1920s and 30s, and had assisted, but not changed, the forecasting based on frontal
ideas. However, it was the possibility of regularly drawing hemisphere-wide maps of the upper troposphere
that had the major impact on the forecasters' outlook. Such charts revealed two important features of the
atmospheric structure: first, the existence of the long waves in the westerlies of the upper troposphere and the
associated jet stream; and second, that the main temperature contrast between pole and Equator is concentrated
in a broad sinuous band around the globe associated with the waves in the upper westerlies. Another aspect
of the atmospheric circulation on the grand scale also became clear, one which we take for granted when we
base our synoptic analyses on two representative levels such as 500 mb and 1000 mb. This is that the direction
of the broad large-scale temperature gradient and the associated vertical wind shear is the same throughout
the troposphere. This fact greatly simplifies the problem of analysing the large-scale structure of the troposphere.
Most of these facts about the troposphere had been recognized earlier during the course of the studies
carried on at the Massachusetts Institute of Technology in the 1930s by C. G. Rossby and his collaborators (14).
The objective was to provide a basis for weekly forecasts of adequate accuracy. It was during these studies
that Rossby recognized the importance of the variation of the Coriolis parameter with latitude in determining
the behaviour of the long (Rossby) waves which he had discovered. This led to the well-known Rossby-wave
formula for the speed of propagation of long waves in the westerlies.
However, it was the regular availability of data from which current hemispheric charts could be drawn
for levels in the middle troposphere (500 mb in particular) which marked the most significant advance in forecasting in the late 1940s and 1950s. For the first time the forecaster had displayed before him features of the
atmospheric circulation which developed and moved with a certain regularity over a period of days rather than
hours. Moreover, they acted as "steering" systems for the smaller-scale wave-cyclones, etc. A great deal of
experience was built up in regard to the long-wave features. The group at Chicago University led by Professor
Rossby were the first in the field, but experience spread widely as the large-area 500 mb chart became an
accepted part of forecasting practice. A great deal of theoretical insight into the large-scale behaviour of the
atmosphere was gained in this period, but the impact upon weather forecasting was that it became possible
to apply traditional methods of extrapolation and empiricism to weather systems which had a lifetime of several
days. Forecasting was thereby effectively extended from the 24-hour range into the range of two or three days.
It is interesting to note that one of the features identified in early studies of the hemispheric circulation
was an "index cycle" of 10 to 30 days in length (H. Riehl et al. (15)) over which the intensity of the hemispheric circulation as a whole appeared to fluctuate. No adequate explanation appeared, and interest lapsed.
However, such long-term fluctuations do appear to be a real feature of the atmosphere's behaviour, and will
have to be fully understood before dynamical forecasting methods can be extended outward to ten days or
more.

Numerical weather prediction
Although the first impact of the availability of charts for the free atmosphere was an extension of the
empiricism of the surface chart to the long waves, nevertheless it also stimulated thought about the dynamics
of the atmosphere in several countries around the world. The complexities of the developments which were
seen on the charts discouraged any further search for solutions of the dynamical equations in simple mathematical
forms. Rather than seek complete solutions, the investigators turned to the evaluation of the various dynamical
factors from the charts of the atmosphere as they found it. Somewhat earlier, Kibel (16), in the U.S.S.R.,
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had made the first attempt to predict by numerical methods the changes of the pressure field on a hemispherical
scale. However, development of application of dynamical methods to the weather chart was initiated independently in western Europe and north America, where it owed much to Rossby in the U.S.A. and Sutcliffe
in the United Kingdom. Rossby and his collaborators (17) had emphasized the interpretation of the flow
patterns at the 500 mb level in terms of the behaviour of a single layer of fluid of uniform density in which
the vertical component of the absolute vorticity was conserved - the so-called barotropic model of the atmosphere. Sutcliffe's approach, on the other hand, was to emphasize the importance of the horizontal gradients
of temperature and the accompanying "thermal wind". This led him to formulate his theory of cyclonic and
anticyclonic development (Sutcliffe (18)) which explained the steering of pressure systems by the "thermal
wind" - a feature of Kibel's treatment - and also made it possible to identify present and future areas in
which depressions or anticyclones would develop or intensify. The direct relation between cyclonic development,
large-scale vertical air motion and rainfall made Sutcliffe's theory into a powerful tool in the hands of the
forecaster. Indeed, if the present-day forecaster is to interpret the output of modern numerical forecasting
procedures in terms of the dynamical processes involved (and not merely accept it as the product of a mysterious
"black box"), then he needs to be familiar with the principles enunciated by Sutcliffe and Forsdyke (19).
The advent of the electronic computer simultaneously with the quantitative study of the behaviour of
the vertical component of vorticity in large-scale weather systems soon led to the development of numerical
weather prediction based on one-, two- and three-level representations of the atmosphere, and the first electronic
computer acquired to put numerical forecasting into operation was installed at Washington in 1955. Computers
were acquired in other countries also around 1960 and by the late 1960s daily numerical weather predictions
were being made in many countries.
The first numerical weather prediction models were based upon the relationship between the changes in
the vertical component of vorticity and the horizontal convergence and divergence of the air; moreover, the
vorticity was related to the pressure field by the geostrophic wind relation. These procedures were the natural
development from the dynamical studies of the atmosphere of the time, but they were also necessary if the
magnitude of the calculations was to be kept within the capabilities of the electronic computers of the 1950s
and early 1960s. Such models of the atmosphere give their best results in respect of disturbances with dimensions in the range 2 000-4 000 km in the middle troposphere of the extratropical atmosphere and for such
weather systems they have only recently been improved upon by the results of more sophisticated models.
However, the use of the geostrophic assumption imposed a restriction upon the scale of the phenomena
which could be adequately predicted. The smaller an atmospheric disturbance, the greater the departure of
the wind from geostrophic, and it was soon recognized that an adequate prediction of small depressions and
the structure of frontal regions was not possible on the basis of geostrophic motion. In consequence, during
the 1960s development shifted to prediction methods based on numerical solution of the so-called "primitive
equations" - the basic first-order momentum equations for horizontal motion - without any preliminary
elimination of variables by mathemat~cal manipulation. The use of the primitive equations demanded much
more computer power than the early quasi-geostrophic treatments, because of the need to maintain computational stability when the possible solutions included fast-moving gravity waves as well as solutions corresponding
to the synoptic meteorological features. Computers of adequate capacity became available only in the 1960s.
I illustrate (in Figure 3) the impact of numerical weather prediction on the accuracy of prognostic charts
from a graph provided by Dr. Shuman showing the trend in the skill score of the forecast charts (500 mb and
surface) prepared at the National Meteorological Centre, Washington. The downward trend (improvement)
in the skill score is obvious and particularly noteworthy is the marked improvement in the 500 mb forecasts
with the introduction of the numerical barotropic forecasts. A further example of the improvements resulting
from development in numerical prediction comes from our experience at Bracknell, in replacing a three-level
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quasi-geostrophic model with a ten-level primitive equation model. This is illustrated in Figure 4 for the winds
at the 500 mb level.
The recently developed methods of integrating the primitive equations of motion for prediction purposes
are of very wide applicability to hydrodynamic motions and can be readily applied to a wide range of meteorological systems. At the recent WMOjIAMAP Symposium on the Application of Dynamical Methods to
Small-scale Atmospheric Disturbances, examples were shown of numerical integrations of the equations of
motion in respect of fronts and their associated rain areas; in respect of mountain and valley winds; also for
sea breezes and the associated convective storms and for the transport of pollution around and over irregular
terrain. It is clear that numerical methods have considerable potential which is still to be exploited in the
description and prediction of the smaller-scale meteorological phenomena. This is a development in meteorological science which will require and justify the provision of considerable computer resources in Regional
and National Meteorological Centres. These more local problems, particularly those in which topographical
effects are dominant, call for far more effort and local knowledge than can reasonably be expected of the World
Meteorological Centres.
Up to the present time the computers which have been used at the National and Regional Meteorological
Centres have been used to carry out predictions on a hemispheric scale which largely duplicate the predictions
of the three World Meteorological Centres. This has been valuable during the formative stages of numerical
weather prediction because it has provided a means by which experience in numerical prediction could be
built up ina number of countries around the world. It has also permitted the testing of a wide variety of
methods and ensured that the techniques have not become ullnecelis!l.:rily rigid at too early a stage because
of the reluctance of one or two operational groups to undertake the considerable effort of changing or modifying their dynamical models and procedures.
However, as time goes on, the simultaneous computation of hemispheric prognostic charts by numerous
centres around the world will appear to an increasing extent to be an unnecessary duplication of effort. The
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computation of predictions in greater detail for smaller areas will, however, be a rewarding task towards which
the experience gained in hemispheric prediction will be seen as an essential step towards the building up of
a competent scientific team. Current experiments directed toward forecasting of the smaller features of the
synoptic chart have been based on grids with mesh lengths around 100 km extending over 3000 km or so.
However, interest is already being shown in models with mesh lengths as short as 10 km and we can expect
such models to develop rapidly to the operational stage.
At the recent symposium on fine-mesh modelling there was much discussion of the problems of combining
a coarse-mesh model for forecasting over a wide area with a fine-mesh model for prediction in a limited area
of particular interest. There are a number of theoretical and mathematical problems to be solved in linking
the two integrations at their mutual boundary. Nevertheless it was apparent that practical working methods
have already been devised. Although these need to be improved, it is already clear that the problems of
boundary conditions will not seriously hold up the development and operation of fine-mesh limited-area
numerical models of weather systems.
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It is widely recognized that the smaller the size of a meteorological system, the shorter the time period
over which we can expect to predict its behaviour. Moreover, the smaller the system, the greater the detail
in which we require to know the state of the atmosphere if we are to perform a prediction by calculation from
the initial conditions. Thus it is pertinent to ask whether dynamical models with grids of only 10 km can have
any useful role to play in the routine of weather services. If the forecast can extend only to a few hours and
the initial conditions have to be defined at points only tens of kilometres apart, can the effort of prediction
ever be justified? If we are considering the prediction of freely moving atmospheric disturbances, convective
storms in particular, I believe the answer is, at best, doubtful. On the other hand, many of the important
mesoscale weather features are topographically controlled, by coastlines, hills or other features. Such features
are permanent and can be defined with all the detail we require, but a fine-mesh model of the atmosphere will
be required to calculate the response of the atmosphere, the broader-scale features of which may be adequately
defined by predictions on a coarser mesh. A particularly interesting example was presented at the recent
symposium by R. Pielke in which the distribution of convective storms over Florida was successfully modelled
by calculations which simulated the sea-breeze development, with various broader-scale wind fields superimposed.

Thus I foresee the development of fine mesh proceeding apace with two objectives: Ca) to describe and
predict in more detail than hitherto the structure of fronts and depression centres and other features - for
this purpose a mesh-length of 50 to 100 km may be adequate; and Cb) to calculate on an even finer scale the
behaviour of wind, cloud and precipitation as the moving synoptic disturbances encounter the fixed pattern
of mountains and coastlines and are subject to the diurnal variation imposed by the radiative properties of
the surface.
Future developments of forecasting

Over the years the development of weather forecasting has been determined by two considerations:
Ca) What is scientifically possible? and Cb) What is likely to provide a worth-while return for the effort? In
the earlier years of forecasting, the scale and lifetime of disturbances, depicted on the synoptic chart, determined
what was technically possible, and concentrated attention on forecasts for periods of 24 hours or so. Subsequently, forecasts have been prepared for shorter and for longer periods - the former being dependent on
the recognition of smaller-scale features, such as fronts, and on the ability to observe the detailed distribution
of precipitation by radar. The extension of forecasts to longer periods was dependent on the hemispheric
extension of the observing system and the increasing understanding of the dynamics of the atmosphere.
To be of practical value a forecast must not only be reasonably accurate, but it must reach some potential
user at a time which permits him to act upon it and modify his activities accordingly. It is perhaps fortunate
that the synoptic scale of atmospheric disturbances led first to forecasts for a day or so. This permitted publication in daily newspapers and thus the forecasts reached a large and worth-while audience while still of potential
value. Users at special risk were reached by telegraphed reports and by the hoisting of gale cones, etc. By
the time that forecasts for shorter periods were practical, radio broadcasting was available to provide more
rapid dissemination to the public and the aviation interests - the community at greatest risk - was being
reached by personal briefing at airfields.
More recently the developments in the atmospheric sciences have enabled the meteorologist to probe the
atmosphere in much greater detail than hitherto. Observations reaching the forecaster from radars and from
satellites enable him to recognize details in the cloud and precipitation distribution, which were previously
unobserved. He can also trace, if not understand, their evolution. New tools such as the laser and Doppler
radar and satellite infra-red sensors have the potential for even more detailed scrutiny of the atmosphere.
However, the impact from this wealth of information to forecasting has been disappointing. The difficulty
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is largely one of communication of the forecast to the user. If an individual public event or industrial activity
is of sufficient importance, warning of precipitation may be given by a meteorologist with a radar screen before
him and a direct telephone to the controllers of the event - airfields may be similarly protected. Distribution
of the perishable and complicated information from a meteorological radar to a wider public engaged on its
multifarious activities is, however, an impractical task with present communication systems. Thus information
of potential value for short-period forecasting for the next few hours cannot be effectively disseminated. This
is likely to remain the position except in some technically advanced communities where systems may be developed
for the transmission of graphical displays from a central data bank to domestic television screens on interrogation by the user. Pictorial display of the distribution of rain areas and severe storms might lend themselves
to such distribution.
As forecasts extend to longer time periods, their dissemination provides no problem and those engaged
in many agricultural, industrial and commercial activities have time to respond to them. It is therefore on
the economic value of longer-period forecasts that the justification of the development of the World Weather
Watch programme has largely been based. Current experience of forecasters with the output of numerical
forecasting models leaves no doubt of the value of such forecasts up to 72 hours and the forecasts which are
continued to five and six days appear to contain a measure of skill which can be of assistance to the forecaster
in giving advice on the general character of the weather in middle latitudes during the latter part of the coming
week.
The range of predictability
One important question for the future development of World Weather Watch is the time span over which
numerical forecasts can be extended into the future. This problem of predictability is one towards which the
Global Atmospheric Research Programme (GARP) is directed. However, before embarking on such an ambitious programme some estimate is needed as to whether the answer is likely to be such as to justify the experiment. The likely result in regard to the range of predictability has given rise to some interesting controversy. At
one end of the spectrum of opinion we have theoretical considerations such as those of G. D. Robinson (21),
which regard the atmospheric motions as isotropic turbulence and seek a limit imposed by the lifetime of the
identifiable eddies. This suggests a limit of predictability at about five days for the largest planetary-scale
waves and shorter time limits for the smaller scales. Theoretical discussions by Lorenz (22) give a time limit
very little longer.
A more optimistic view comes from experience with numerical integration of numerical models. For
example Smagorinsky, Miyakoda and their co-workers (23) have carried out hemispheric forecasts which
appear to maintain some degree of similarity with observed events up to ten days from the commencement
of the forecast.
Numerical models can also be employed to study the growth of errors imposed by the inaccuracy and
incompleteness of the initial data. One may ask the question how long such an error in the initial data will
take to grow to a magnitude which will render the forecast no better than a climatological chart. Such experiments in which small errors are introduced artificially at the beginning of a numerical integration have suggested
a period of two to three weeks before they completely swamp the results of the integration. However, the
growth of errors in such a dynamical model depends on the characteristics of the model, which are not exactly
the same as those of the atmosphere. The results take no account of the extent to which the model departs
from a description of the real atmosphere and the errors which arise from this. The growth of errors may
also be greater in the real atmosphere than in the model.
However, I am encouraged to believe that a limited degree of predictability will be achieved out to a range
of two or three weeks. My conviction in this respect arises as much from the observed behaviour of the
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atmosphere as from theoretical considerations. If one examines the time-spectrum of the pressure variations
there are certain areas, mainly in rather high latitudes, in which the fluctuations with a time-scale in the range
15 to 60 days contribute almost as much to the variability as do those of shorter period. These long~term
fluctuations are associated with the phenomenon long known as "blocking" or the "index cycle". Their
coherent behaviour over periods of several weeks implies the existence of a physical process operating on this
time scale, although it has not yet been properly identified.
Once the physical processes involved in "blocking" and the "index cycle" are properly identified, it should
be possible to ensure that numerical models of the physical and dynamical processes are capable of predicting
them. Indeed the current general circulation models which endeavour to include the effects of all physical
and dynamical processes of long-term significance should be valuable tools in elucidating the mechanism of
blocking as well as in predicting it. It should be a subject for early endeavour by the general circulation modellers
to review the output of their models with this requirement in mind.
Long-range weather prediction

Forecasting for longer periods ahead - for a month or a season - has so far been in the hands of the
empiricists and some modest degree of success has been achieved. To the extent that such long-term prediction
is possible, it seems likely that we must look to controls on the atmosphere's behaviour which lie outside the
atmosphere itself. The storage of energy, heat or water vapour in the atmosphere is on too short a time-scale
for one to readily envisage an inertia in the atmospheric behaviour extending to months or seasons. On the
other hand there are various anomalies in the surface properties of the Earth and ocean which necessarily
possess a longer time constant, and some of these control the heat input to the atmosphere to an important
degree. Large areas of the ocean are often found to have surface temperatures 1DC or sometimes 2 C different
from the climatological average for the time of the year. Such anomalies in sea-surface temperature often
persist for several months, and this is not surprising in view of the very large heat capacity of the upper layers
of the ocean. While such anomalies persist, they significantly modify the heat input to the atmosphere.
D

R. A. S. Ratcliffe and his co-workers at Bracknell have studied the behaviour of the sea temperatures
over large areas of the North Atlantic (24) and they have identified the effect which the anomalies of sea temperature have on the atmospheric circulation during subsequent time periods. The effect varies with the season.
The other possible changes at the Earth's surface with long-term effects on the atmospheric circulation are
the variations in the snow and ice cover and the effects of anomalies of precipitation on vegetative cover, but
these have not been so fully investigated.
One of the tools of the long-range forecaster has long been the analogue or similar weather sequence identified in the historical record. The fact that analogue-based methods have a modest success does not belie the
idea that the causes of monthly and seasonal weather variations lie primarily outside the atmosphere. The
behaviour of the atmosphere during the analogue period may indeed be a response to external forcing from
surface-controlled anomalies in the heat input although these are not identified. As the seasonal variations
are superimposed, the atmosphere's response to these anomalies in heat input changes gradually. The success
of analogue methods may lie in the fact that the response changes in a similar way in the current and analogue
periods.
One may ask whether the advances in numerical prediction will soon extend to the monthly and seasonal
time scale. It looks unlikely that the straightforward extension of predictive integrations to a month or more
will provide much useful guidance. However, the numerical models do provide a means of exploring quantitatively the nature of the response of the atmosphere to an anomaly in the heat input from the sea or land
surface. Future models (and some current ones) may provide for a "feed-back" from the atmosphere to the
surface in so much as the model may predict the sea-surface temperature, snow or ice cover, or soil water
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deficit. Such a capability should go further towards the prediction of the long-term effects of surface anomalies,
and we may look forward ultimately to placing long-range forecasting on a more quantitative basis.
Tropical meteorology
I am conscious that this review of forecasting has so far included nothing about the equatorial belt. This
is of course because progress has been less noteworthy there. There are several reasons for this, but one of
the most important is the absence over much of the equatorial belt of clearly defined progressive disturbances
with a time-scale of the order of a day or so. During the period of development of meteorology in middle
latitudes, the weather services in the tropics were being developed by meteorologists whose experience was
derived from higher latitudes. They naturally sought identifiable disturbances in the sea-level isobars, they
installed and maintained radiosondes even though the day-to-day variations were little greater than the instrumental errors and they directed their efforts towards forecasts for periods of 24 hours or so as they were
accustomed to in middle latitudes.
Much of the equatorial weather is dominated by diurnal and seasonal variations and straightforward
climatological procedures provide much of the required guidance in respect of these. There are, however,
additional variations besides the seasonal and diurnal cycles; in particular, many areas of the tropics have
dry and rainy spells of several days' duration which are of considerable agricultural significance, but which
are not readily associated with identifiable disturbances of the synoptic chart, which can be extrapolated as
in temperate latitudes. The cloud distribution seen from satellites, geostationary satellites in particular, is
beginning to give clues to the nature of these weather disturbances - cloud clusters are recognized as significant
features and new insight has been obtained into the behaviour of the inter-tropical convergence zone (ITCZ).
Nevertheless meteorological theory has not yet provided a satisfactory link between the areas of enhanced
convection - the cloud clusters - which produce much of the equatorial rain on the one hand and the dynamics
of the large-scale wind systems on the other. In the summer of 1974 the GARP Atlantic Tropical Experiment
(GATE) will provide a major impetus to the observation and interpretation of tropical weather systems. It
certainly should provide a better understanding of the factors which lead to weather variations in the equatorial
belt. In the last few years dynamicists have shown increasing interest in the equatorial winds and have discovered
several large-scale wave motions, possible in theory and identifiable in the data. Relationship between these
and the weather is weak and obscure. We can but hope that it will become clearer as the equatorial dynamicist
follows the steps of his middle-latitude colleague and attempts the numerical solution of the dynamical equations on well-defined synoptic situations such as are to be provided by the GATE data.
Outlook for forecasting
In this lecture I have endeavoured to trace the progress of weather forecasting over the past 100 years
and perhaps a short distance into the future. During this period forecasting has progressed from a stage at
which the forecaster had at his disposal only a dozen or two weather observations to the present time, when
the daily receipt of observations at a major weather centre is represented by millions of teleprinter characters.
For the first 70 years of forecasting the forecaster could reasonably hope to examine all the relevant data and
form his judgement of the future accordingly. Now he can no longer do so, and as data become available
in new and more sophisticated forms from satellites, radar and other new observing tools, his task of selecting
and processing the data will become even more difficult.
Fortunately the forecaster now has the electronic computer at his elbow and in a few seconds or minutes
it can tell him the consequences of the dynamical and physical equations applied to the synoptic situation as
presented to it. However, the numerically produced forecast can be no better than the original analysis of
the synoptic situation, and depending, as it must, on automatically processed data, it is liable to be influenced
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by errors and omissions in the data, of which the forecaster may be unaware. It is vitally important for the
health of weather forecasting that the forecaster does not hand over his responsibilities completely to the
machine. Fortunately he is unlikely to do so because he has to act as a professional adviser and answer the
unexpected and important question for which the computer cannot have been programmed. Nevertheless one
of the most important problems of the next decade will be to :find the right balance between the man and the
computer in the forecasting business - and also to train the men to operate the system. They must be in
position to use the computer as a tool with full understanding of its capabilities and deficiencies - they must
not accept its products without the potential ability to question and re-examine. For some purposes (perhaps
for aviation winds) a speedy computer product can be accepted without question in the knowledge that the
overall standard of accuracy is acceptable and there is some protection against extreme errors. However, the
acceptance of unqualified computer product cannot extend to all aspects of forecasting. Fortunately the electronic computer also has a valuable potential for data selection and presentation at the whim of the human
forecaster - so that he can examine data which he regards as particularly relevant or be warned of extreme
or hazardous phenomena. The exploitation of such facilities may well form an important aspect of the building
of the forecasting procedures of the next decade.

a
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DEVELOPMENTS AND TRENDS IN CLIMATOLOGICAL RESEARCH
by H. E. Landsberg
(University of Maryland)

SUMMARY
Climatology needs an adequate ensemble of atmospheric observations. International co-operation to secure
such data, started in the 18th century, received a great impetus through the IMOjWMO system, assuring standardization and universal availability. Great strides have been made toward a global inventory of climate yet to be
completed in developing and oceanic areas.
Statistical models have been developedfor assessing information content of climatic data permitting incorporation of meteorological hazards as calculable risks into planning.
Mathematical modelling of climate promises new insights into the puzzling problems of climatic fluctuations
and for the assessment of man's influence on climate. Pertinent observations from satellites on global energy
balance are being collected. These promise progress because the models clearly show the sensitivity of climate
to variations of solar input and energy loss to space.
Pertinent parameters of climate in man's urban environment are being applied to building construction and
land-use planning. Climatological analyses pertinent to agricultural, medical, and commercial endeavours are
being pursued.

All branches of meteorology have reaped great benefit from international co-operation. Next to synoptic
meteorology, climatology has been the greatest beneficiary. The international effort to learn about the mysteries
of the Earth's atmosphere even antedates the founding of the official international collaborative effort that
now spans that successful century we are celebrating here. At the time when the International Meteorological
Organization (IMO) was founded in 1873 it was already well recognized that for comparative climatological
purposes world-wide observations under standardized conditions were needed.
The forerunners of IMO in international co-operative work in meteorology were learned societies.
Some of their endeavours were fairly long-lived but not particularly productive, often because instruments
and procedures were not standardized, technically deficient, and geographically inadequate. This was the fate
of the ten-station network organized by the Florentine Academy of Science that operated from 1654-1667
and the work done under the auspices of the Royal Society from 1667-1735 (Rigby, 1967).
Some of their pitfalls were avoided by the observational programme inaugurated a century later (1778)
by the Societas Meteorologica Palatina. The driving spirit behind this new attempt was Johann Jakob Hemmer,
S. J. (Rigby, 1973), who persuaded the Prince-Elector Karl Theodor to finance the cost of the instruments
for the effort.
Hemmer wrote all the instructions and carried on a voluminous correspondence with observers in Latin.
He also arranged for publication of the results, covering observations from 39 stations ranging from eastern
North America to Siberia.
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The reason for dwelling on this early collection of data is the fact that they stimulated the first attempt
to view a certain interval synoptically, leading to the famous study of Brandes (1820) and three years earlier,
in 1817, to the first isothermal chart of the northern hemisphere by Alexander von Humboldt.
The remarkable step taken by this analysis and representation was the fact that it demonstrated once
and for all that the climatic model of simple latitudinal zones that had held sway since the days of the Greek
astronomer Eratosthenes in the third century B.C. was not borne out by the observations. The isotherms
showed that, for example, at the same latitude the east coast of North America was definitely colder than
western Europe. With this remarkable attempt an era of analytical climatology was ushered in and local
observations began to serve a broader purpose than establishing the elements of local climate. Considerable
work along this line followed still prior to the founding of IMO, but this cannot be discussed in detail here
(see, e.g., Landsberg, 1964).
However, one other historical development deserves to be singled out. It concerns the introduction of
statistical analysis into the treatment of the rapidly accumulating climatic data. This essential advance was
made by A. Quete1et (1846). He first discussed it in a series of letters addressed to Ernest 11, the Duke of SaxeCoburg-Gotha. He indicated there how one can summarize an unwieldy mass of climatic data by such statistics
as means, range, and frequency distributions.
Mathematical statistics have ever since been prominent tools of climatological research, with continually
greater sophistication as both disciplines have advanced. The mentioning of Quetelet is even more justified
because he participated as Director of the Royal Belgian Meteorological Institute in the International Meteorological Congress of Vienna in 1837. He thus presents a bridge between the classical contributors to climatology of the 19th century, prior to the founding of IMO, and the new era ushered in by that Congress.
But his role was brief because of his death in 1874. However, we find two names on the roster of participants
in that First Congress, young men then, one the delegate J. Hann, of Austria, and the other an invited member,
W. K6ppen, of the Central Physical Observatory at St. Petersburg, who had a profound influence on the
development of climatology for over five decades.
Prominent on IMO agendas, and later those of constituent bodies of the World Meteorological Organization
(WMO), were standardization of observations, their systematic publication, and planning of adequate networks.
In recent years this has been followed up by standardization of procedures for machine processing of data
and their exchange in internationally compatible formats. Several WMO-sponsored publications now continuously give research workers information on the current state of climate, on a world-wide basis.
The collection of climatological data under a uniform scheme on a world-wide basis is even today still
a rather unique co-operative effort in the international community. The climatic network comprises tens of
thousands of stations, making at least one observation a day, and rainfall stations exceeding 100000 in number.
From the wide expanses of the oceans there are daily hundreds of ship reports, and in recent years cloudiness
data as well as approximations of sea-surface temperatures have been remotely measured by satellites. All
this information over the years has permitted a rather broad inventory of the climate of the globe to be obtained.
Even the remote ice fields of the Antarctic, which as late as a quarter-century ago were terra incognita, have
now a regular, albeit loose, network of observing stations. Thus in the century since the First IMO Congress
it has been possible to chart the various climatic elements, first on a larger and currently on smaller and smaller
scales. (An interesting example of the latter are the agroclimatic maps of Primault, 1972, for the variegated
climates of Switzerland.)
Although the climatic inventory of various regions of the world is well advanced in some parts, both in
form of charts and tabular information, it is still rudimentary in many areas. A good beginning has also been
made with upper-air data, primarily in the northern hemisphere (Scherhag, 1969; Labitzke et al., 1972). There is
still much conjecture in such charts, especially over the oceans.

REVIEW OF THE SCIENCE OF METEOROLOGY

31

A long-planned World Climatic Atlas of WMO also still awaits completion. Yet the importance of climatic
charts is well recognized for many applications and becomes obvious by the rapid growth of such compilations
in recent years (Hacia, 1970).
Although such climatic mapping is widespread, and indeed a very useful practice of depicting climate,
it conveys information primarily in a geographical sense. Usually, a vast number of charts showing the distribution of different climatic elements is needed for a climatic inventory. In many instances more information
for a given locality can be conveyed in tabular form where a variety of elements can be listed side by side. But
even in that form climate remains an elusive concept, especially if the common practice of listing only the
average values of various elements is followed.
Many attempts have been made in the past to overcome this difficulty by a variety of classification schemes.
Most notable and widely used has been the system of Koppen (1900, 1918). This system has been principally
based on temperature and precipitation and their annual course, with the particular aim of relating them to
the plant types prevalent in various climatic regions. A major attempt to correct perceived inadequacies in
Koppen's system was made by Thornthwaite (1931, 1948).
Others, before and after, have suggested alternate schemes or have introduced alleged improvements to
the Koppen and Thornthwaite schemes. Controversies swirled around the imperfections of climatic classifications and literally hundreds of papers were written on various aspects of the subject.
Much of this effort has been rather futile. The multiplicity of atmospheric parameters, their continuity
in space, and their fluctuation in time do not permit a meaningful universal taxonomy. Prohaska (1967) put
it very succinctly in stating that climatic classification can only become useful if directed toward limited, welldefined objectives, based on atmospheric parameters and limits germane to these objectives. Thus one can
appropriately define the response characteristics of a particular crop to atmospheric conditions and then,
from series of climatic observations, judge the suitability of various localities for that crop (Wang, 1963).
Such applications immediately point up that climatic elements are not fixed entities, such as the characteristics of species in plants and animals, that permit classification readily. They are instead statistical variables
and a great deal of fruitful climatological research has been devoted to the application of statistical methodology
to the vast and ever-increasing number of observations. It was soon found, as already indicated in Quetelet's
early work (1846), that the rules of statistics govern climatic variables, which can be represented by a multiplicity
of statistical distribution functions. The essential conclusion which can be drawn is that most climatic elements
can be treated as quasi-random variables and that it is not difficult to approximate them by a suitable statistical
function (Essenwanger, 1973). This applies not only to numerical values of climatic elements but also to datebound quantities, such as last and first date of freezing temperature or to time intervals between events, such
as length of dry periods. The fact that these stochastic relations exist enables us to treat climatic variables
as calculable risks, an enormous asset for engineering and economic purposes. It permits predictions without
timing, that is one can forecast the probability of an event without, however, the ability to tell its date. But
for many purposes of capital investment or planning such a prediction is entirely satisfactory. Extreme value
analysis of winds will permit adequate structural design, or for low temperatures it will yield design values
for heating plants. For the introduction of new crop plants, analysis of precipitation levels and of critical
temperature values will indicate probable success or failure of the crop in an area. These techniques will
determine insurance premiums for protection against various climatic risks.
In the preceding discussion changes in climatic variables were referred to as quasi-random. The modifier
"quasi" was used advisedly. There are, indeed, fluctuations and changes of climate of shorter and longer
duration, which presumably have major underlying causes. Geological history certainly indicates that climatic
regimes substantially different from the present, even allowing for continental drift, have prevailed in other
epochs. Much research work has been devoted to unravelling the causes for large-scale changes of climate.
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The most potent cause for such changes would be the energy balance of the globe, with its principal factor
being the receipt of solar energy. There is no absolute proof that the output of the sun is variable but a great
deal of theoretical work has shown conclusively that even a one-per-cent change in solar energy emission would
have potentially considerable climatic repercussions on Earth (Budyko, 1969; Sellers, 1973). It has, of course,
been known since the pioneering efforts of Milankovitch (1941) that the variable orbital elements of the Earth's
path and the inclination of its axis have introduced periodic changes in the radiation climate of the Earth.
These have been adduced by many as causes for the glacial intervals in the Quaternary epoch of the Earth's
history. Celestial mechanical and astrophysical causes for climatic changes of longer duration have probably
a better claim to validity than any others (Mitchell, 1968). Yet much remains to be done to verify these
hypotheses.
Some authors have implied that we are presently living in an unstable interglacial period (Budyko, 1971).
But one may date the present climatic era since the recession of the last major glacial episode (Wisconsin or
Allered). Since that time not only chronology but interpretable climatic indices are reasonably established.
In this 11 aaa-year interval there have been fluctuations, up and down, with a period about 5 000 years before
the present called the "climatic optimum" or hypsithermal. Plant associations prevalent then, as noted from
deposits in higher latitudes of the northern hemisphere, indicate rather high temperature conditions, which
later changed to a lower level. For the last 1 000 years there exist documented records of general weather
conditions in many parts of the world. These refer to crop conditions, positions of glaciers near settlements,
and weather catastrophes (Ladurie, 1967). They permit reconstruction of the general climatic conditions,
again for the moderate and high latitudes of the northern hemisphere. This reveals, for example, a relatively
warm period in the 11th century and a cold period in the 16th century (Lamb, 1962). Attempts have
been made to interpret these "anomalies" - if indeed the designation anomaly is warranted in this context in terms of corresponding circulation patterns (Lamb, 1966, 1969). From many indications it appears that
such fluctuations are still within the band of variation to be expected in any climatic equilibrium regime, where
various terms of energy income and dissipation are coupled through complex feedback mechanisms with
considerable time lags.
Since the advent of instrumental records in the late 17th century, one can assess these fluctuations with
considerably more precision than through plant relics, tree rings, and historical writings. These observational
series have become fairly numerous, also reasonably reliable and homogeneous since the middle of the
18th century (v. Rudloff, 1967). For temperature and precipitation one can make some assessment of the
fluctuations for about 200 years and with considerable confidence for the past 100 years (Baur, 1962; Landsberg
et al., 1968; Manley, 1953). The long series show that on a centennial basis one can universally expect in the
moderate latitudes of the northern hemisphere a width of variation of 20 per cent for annual precipitation
between the driest and wettest years. In semi-arid and monsoonal regions this value is easily doubled. For
the temperatures a range for yearly temperatures of 3 to 4°C is to be expected during a century in the continents
at latitudes 40 to 60 N. For summers this range grows to 5°C and for winters as high as lOoC. A few high
or Iow values within that range do not justify an assumption of climatic change but rather have to be attributed
to the "noise" in the system.
0

Almost since the beginning of climatological observations an inordinate amount of effort seems to have
been expended in the search for regularities in the climatic series. A stubborn belief that there ought to be
cyclical variations hidden in the data has persisted. In particular it was maintained that the solar activity cycle
should be reflected in the climatic records. This is a hypothesis first explored a hundred years ago by Keppen
(1873). Critical analyses of cycles have shown little of substance. Some periodicities seem to appear and then
vanish again. Statistical tests· indicate that whatever cycles are apparent contribute very little to the total
variance. An exception seems to be a rather persistent vacillation of two to three years' duration, which has
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been found in many atmospheric parameters, including winds in the tropical stratosphere as well as various
elements measured near the surface in many parts of the world (Landsberg, 1963).
Even though the two- to three-year rhythm and some other prominent cycles show statistical significance,
they have unfortunately very limited, if any, value for forecasting future conditions because of their irregularities
and the lack of understanding of the underlying mechanisms.
This lack, unfortunately, extends to the whole problem of climatic fluctuations, trends, and changes.
Aside from the fact that the as yet equally poorly understood solar-energy flux variations must have a notable
influence on terrestrial climate, there are a dozen or more hypotheses trying to explain the underlying causes.
There are literally hundreds of contributions to this theme and scores of books and reviews (Mitchell, 1968).
It is one of the most active fields of climatological research and yet substantive progress has been agonizingly
slow.
Obviously, if there is to be an understanding of climate, there has to be a theory of climate or, better,
climates. The difficulty of this task can be readily appreciated if one looks at the patchy fabric of detailed
climatic charts (Trewartha, 1961; Knoch, 1963). There are multiple radiative, static and dynamic factors
involved which make this one of the most complex problems in all fields of science (Landsberg, 1945).
In essence, a true theory requires the mathematical modelling of climate quantitatively. In historical
perspective this problem was first approached in an essentially static manner by calculations of what has been
variously called the energy-balance or heat-budget concept. The developments in this field have been well
reviewed by Miller (1965, 1968). Considerable credit in fully recognizing the implications of the heat balance
for rational explanation of climate should go to Voeikov (1884). He had focused his attention on the interaction of various types of surfaces and radiative fluxes. This theme gradually led to the development of microclimatology, which under the leadership of Geiger (1961) achieved status as one of the most active, and, in
practice, most fruitful subdisciplines. The elements of the moisture budget on a local, regional, and global
scale were stressed by Thornthwaite and his collaborators (Thornthwaite, 1944; Thornwaite and Mather,
1955; van Hylckama, 1956). Based on the ever-increasing observational material the elements of the energy
budget were mapped by Budyko (1955, 1956) with parameterization of certain components over ocean areas
and regions with sparse data.
The efforts described in the foregoing avoided dealing with the larger dynamic scales of motion, even
though local advection and turbulence were either explicitly or implicitly included. In this age of computers
it is not surprising that the elements of local heat and moisture balance have been cast into algorithms that
can simulate the local conditions of air temperature near the surface (Outcalt, 1972) or soil moisture (palmer,
1965). Considerably more sophisticated is the model of Lettau (1973), who introduced the term "climatonomy"
for the analytically described response of climatic surface factors to external forcing. A variety of feedback
mechanisms are included in his approach, including radiative and moisture factors, as well as boundary-layer
aerodynamics. Such models were not only used to model satisfactorily the climatic conditions near the surface
in a desert area but also permit predictions about changes that can be expected by various artificial changes,
such as irrigation.
So far the most complex energy-budget program has recently been advanced by Vowinckel and Orvig
(1972). Based on six-hourly synoptic observations, it permits calculation of all heat fluxes and of the complete
water budget. Such material allows synthesis of "climate" from the synoptic observations. One can appreciate
the complexity of the model by the following numbers. There are 28 parameters peculiar to locality, such
as geographic co-ordinates, exposure and surface conditions; nine tables derived from experience, primarily
relating to plant responses; 13 initial values, including time of year, leaf-area index, and temperature of ground
and vegetation; 11 parameters obtained from the usual synoptic observations. The 20 output parameters
encompass, among others, all the radiative fluxes, heat advection, storage of heat, photosynthesis and atmospheric water budget. The computer program has 15 subroutines and, for an appreciable network of stations,
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an advanced computer is needed that can master 90 000 bytes of storage per station. From such a program
it is only a small step to follow the crop developments in terms of the prevalent meteorological factors, compare
them with climatological averages, and even eventually incorporate the effects of meteorologically induced
plant pests and diseases.
The models just discussed start with greater or lesser detail at the local level. They yield again, primarily,
solutions for climatic conditions in local terms. But one can also look at the whole Earth-atmosphere system
with the objective of obtaining, for example, a global equilibrium temperature. There have been a number
of such models, a rather recent attempt having been undertaken by Sellers (1972). This author uses the thermodynamic energy equation and averages it over space with a monthly time step. He also incorporates interactions between continents and oceans, snow and ice cover, atmospheric transmission and absorption of
radiant energy, as well as a specified cloud cover. Many of the elements of vertical atmospheric structure and
motion are parameterized. The model is particularly sensitive to changes in optical density of the atmosphere
and total solar energy output. Although Sellers intimates that there are two, or possibly more,. steady-state
climates with the same input pararrieh~rs, on¥ should view this result with scepticism because of the many
simplifications and parameterizations in the model.
An averaged global temperature does not reveal much about the all-important question how such a change
might affect the habited and arable regions of the world. Other more detailed models are beginning to give
us some insight here. An example is the zonally averaged model of Saltzman and Vernekar (1971, 1972).
This model, too, relies on a lot of parameterizations but comes fairly close, in many aspects, to reflecting
observed conditions. It models the latitudinal temperature distribution based on an Earth without ice cover
and with extended ice cover. The albedo changes are the primary influence factor and also the changed evaporation conditions with open polar sea.

A considerably different approach has been taken by other investigators in the modelling fields. This
method starts with the basic equations describing the motions of the atmosphere, the continuity equation, and
the hydrostatic relation. These .models are usually referred to as general circulation models. The equations
are integrated by finite difference systems, and are coupled with the thermodynamic equation~ including the
radiative processes and equations representing the convective and turbulent processes, The forward integrations are carried out at several levels on a grid system, subdividing the globe, on a day-to-day basis, similar
to the process in the numerical forecast models. The model is run over an extended period, the daily values
obtained are averaged and simuJated climatic values of various elements for the averaging period are obtained.
A number of these models now exist but all of them require very large computer capacity and considerable
computer time (Halloway and Manabe, 1971; Kasahara and Washington, 1971; Mintz, Katayama, and
Arakawa, 1972). They are being further developed to include not only the atmospheric but also the oceanic
circulation, rather than using just a prescribed sea-surface temperature for simulation of air-sea interaction
(Manabe, 1969 (a) and Cb); Bryan, 1969; Manabe and Bryan, 1969). There has been some limited success in
depicting the average conditions.
The difficulties with the general circulation models lie with the problems of boundary conditions, especially
at the surface, and the processes of sub-grid size, which loom large in the atmospheric energy balance. The
hope is that the Global Atmospheric Research Programme (GARP) will bring us nearer to success. Yet
whether or not extreme conditions of warmth and cold, drought and wetness in a given year can be modelled
or projected for the future still remains very uncertain.
This leaves, of course, in the balance the whole problem of how realistic an estimate can be made of possible influences of man on the global climate. This theme has been widely discussed (Singer, 1970; Matthews
et al., 1971). Three parameters have found most attention. They are the gradual increase in atmospheric CO 2 ,
ascribed to accelerated use of fossil fuels; an assumed increase in atmospheric suspensions due to man's activities; and heat rejection from energy-conversion processes. The CO 2 rise and the heat rejection will contribute
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to an increase of global temperatures, but the role of suspensions is not so clear. Depending on size and
distribution in the atmosphere either heating or cooling may result (Braslau and Dave, 1973). Up to the present
we may safely conclude that whatever changes may have been induced are still within the band of noise that
characterizes all climatic factors. Looking to the future, various projections have been made. If CO 2 doubled
in the atmosphere, there would probably be no greater impact on global climate than a 1 to 2°C rise (Rasool
and Schneider, 1971). Heat rejection may become a more serious problem over the long haul. Globally,
however, only a small fraction of a per cent of the solar constant is likely to be added in the next century or
so. Washington (1972) ran a global circulation model with a reasonably realistic addition of heat released at
the surface to simulate human activity and came to the conclusion that the end effect is likely to be small. Yet
locally and on a regional scale such effects may become increasingly large and important (Flohn, 1971, 1973).
The particulate pollution problem remains open, but up to the present careful assessment indicates no effect
(Elsaesser, 1973). Climatological questions that have been raised by anticipated operations of large fleets of
supersonic transport aircraft in the stratosphere are actively under investigation. Global climatic effects near
the surface are not likely to be appreciable but possible effects on the ozone layer with biometeorological
consequences cannot yet be ruled out.
For the time being, therefore, man's influence on climate is restricted to the local scale. Research on
climatic changes caused by urbanization has become very popular in recent years. Many results were presented
at a WMO-sponsored symposium a few years ago (1970). An excellent WMO bibliography (Chandler, 1970)
gives an overview of the literature up to the time of the symposium. Several large-scale and small-scale
observational and analytical programmes have since thrown further light on the energetics and mesodynamics
of urbanized areas (Landsberg, 1972; Oke, 1973).
The climatic effects of urbanization are quickly summarized. They show a 1 to 2°C average temperature
rise, which on calm clear nights can be as much as 6-8°C, compared with the surrounding countryside. This
is the heat-island effect. The heat island is caused by the combined influence of albedo changes of the surface,
altered heat conductivity and heat capacity of surface materials, altered water balance of the surface, and
heat rejection from combustion processes and air conditioning. The heat island, in turn, causes convection
and affects the wind field.
The convective column leads to cloud formation and, occasionally, release of showers. Considerable
increases of precipitation in the city plume have been made plausible (Changnon et al., 1972).
The effect on precipitation of particulate pollutants, which are from ten to 1000 times higher in the city
than in rural areas, remains still to be fully clarified. But their effect on visibility, sunshine duration, and shortwave radiation, which are all reduced, is incontestable. Whether or not pollutants, by contributing cloud
condensation nuclei or freezing nuclei, stimulate precipitation over cities or inhibit it by overseeding, or under
what circumstances either of these events may occur, remains to be resolved.
Much quantitative work also remains to be done to ascertain the magnitude of local climatic change
produced by deforestation or aforestation, overgrazing, irrigation and other agricultural practices (OST-AID,
1972). Well known are the effects of shelter hedges for reduction of wind speeds near the surface. They help
in moisture conservation but may increase diurnal temperature range. Similarly, the various efforts to mitigate
damage to crop plants by freezing temperatures are too well known to require more than mention. Other
attempts either to improve climatic conditions or to mitigate adverse effects of rare events, such as hail or
drought, are still experimental and the results equivocal.
These efforts at improving climate underline the crucial role of climate as a natural resource. In view
of the fact that amelioration of an adverse climate is only possible in the most limited sense, it remains an
essential task of mankind, as it has been throughout man's history, to achieve the best possible compromise
with this environmental factor. We have already pointed out in the discussion of climatological statistics that
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all climatic elements can be treated as calculable risks. This makes it possible to include climate as a factor
in planning. This has, unfortunately, not as yet become a universal practice and the meteorologists have not
stressed this fact adequately.
Only in one area has this become an accepted part in the public mind. Our reference here is to the role
of climate in promoting tourism, resorts, and sport opportunities (Perry, 1972). High probabilities of sunshine
or snow, for example, have stamped whole regions as ideal for certain recreational purposes. A careful analysis
of available climatic statistics may yet bring many others into this category. Such analyses may also prevent
foolish capital investments in hotels or ski-lifts where conditions are marginal.
Similarly, climatological analysis will be of great value in future plans for exploitation of wind and solar
energy for power production. The world-wide shortages of energy inexorably point in the direction of wider
use of these energy sources. They are also the only ones that will not add to the thermal dissipation load, as
will power produced in the future by atomic fission and fusion. The main climatological problem for the
atmospheric power sources will be their intermittency. In the case of solar power, aside from the nocturnal
break there are periods of cloudiness. For wind power the intervals of calm and low speeds become troublesome gaps. The duration of sunless and calm periods are the critical climatic statistics which will permit the
decision whether the large investments for power sources of low energy density are warranted.
Energy conservation will also necessitate better adaption of buildings and houses to the climatic environment in the future. Too much energy for heating and cooling is now lost because of inadequate insulation,
poor fenestration, and unsuitable construction. Requirements for winter heating and summer cooling can
be minimized by giving climate a greater weight in architectural and structural decision-making. Presently,
tradition, fashion, and variable aesthetic judgments seem to be paramount. Research on climatic factors is
still limited (Reidat, 1969; Givoni, 1969) but a fruitful dialogue between architects, builders, and meteorologists
has been initiated under joint sponsorship of WMO and the International Council for Building Research
Studies and Documentation (Ryd, 1972). Recently an energy-flow computer model of a house has been designed
to assess the interactions of the house and its thermal characteristics (albedo, wall parameters, window surfaces,
etc.) with the external climatic factors (Faegre, 1973). But much remains to be accomplished not only in
research but in public education, so that full advantage can be taken of available climatological knowledge.
The same applies to the planning of new urban complexes.
Time will not permit detailed consideration of the use of climatological results for the problems of packing,
shipping, and storage of goods (Grundke, 1961, 1962) or of those of industrial manufacturing (Boer, 1964;
Koch. 1969). Similarly, the obvious and well-elaborated relations of climate to clothing and human comfort
can only be mentioned in passing (Newburgh, 1949; Fanger, 1970). Some of this work has been extended
not long ago to include the relations of indoor-outdoor atmospheric conditions to human work efficiency and
mental performance (Auliciems, 1972). With much of man's activities now centring indoors, the importance
of the interacting system climate-housing-man can not be overstressed.
However, the most important contribution that climatological planning can make now and in the future
pertains to the world's agricultural system. Just as energy resources belong in the critical category, food
resources are of even greater and more acute concern. Food is now short for the present population of the
world. Occasional weather extremes such as droughts and failures of the monsoons, unseasonable freezes,
and weather-induced plant pests can play havoc with the nutrition of millions of people. In the past there
have also been disastrous failures of crops because of introduction of plants unsuitable for the climatic environment. The attempt to grow groundnuts in East Mrica is a typical example. Moreover, certain crops are
presently grown in areas where their yields are marginal and where other crops would be more suitable to the
environment. Much has been written about the green revolution but even the genetic successes can be brought
to full fruition only if they are in harmony with the climatic realities. The need of these new crop varieties
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for adequate water supplies and their protection from pests has a large element of climatic risk associated
with it.
Another important factor in agricultural climatology, frequently overlooked by planners, is the chance
of continued suitable climate when new land is brought into cultivation. Here again the temptation is great
to develop agriculture during some favourable years and to disregard the possibility of deterioration or longterm fluctuations that are unfavourable to some or even all crops. These climatic swings, as we have seen,
can be of decadal or even centennial length. The advance of agriculture into fairly high latitudes of the northern
hemisphere during the relatively warm decades from 1920 to 1950 is such a case. The cooling in later years
has led to considerable problems for fields and pastures at this northern margin. Especially in horticulture,
one has to figure on the worst conditions during the expected life period of fruit trees. This may cover an
interval of 25 to 40 years. Climatic charts of such expected adverse conditions, in this case the worst winter
temperature conditions, can help in avoiding failure (Plant hardiness map, National Arboretum, 1969).
Clearly, the total arable land on Earth is limited. Its productivity is limited by precipitation and temperature, just as is the total production of dry matter through the photosynthetic process. This part of the
ecosystem can be suitably modelled and the model will give some broad indication on what can be counted
on as available for food and fibre in the world (Lieth, 1973).
The same tool that has strengthened meteorology so much in recent years, the satellite, has also entered
the surveillance of annual crop and fibre production. It yields information on plant growth and can furnish
early warning of pest infestations. One can watch the progress of vegetation after the winter period of dormancy.
Caprio (1973) has called this the "green wave". He has "calibrated" it by determining that, after sub-freezing
temperatures have ceased, potential evapotranspiration has to reach 5 cm to give vegetation the "green look".
Observations from Earth Resources Satellites can determine advances or retardation against such a standard
and thus help in giving early estimates of crop conditions.
Meteorological satellites also can, and already have, made very substantial contributions to other phases
of climatological research. They have enabled us for the first time to observe many elements, even if only
indirectly, on a truly world-wide basis. As Kondratyev (1971) pointed out, they have yielded more data in
a decade than all prior meteorological observations in two centuries. In particular, they have furnished cloudiness and albedo values on a global scale. They have spanned the observationally silent area on the world's
oceans, the deserts, and the ice fields. Among elements only sporadically available in prior times, such as
land~ and sea-surface temperature, satellite observations have brought about a veritable revolution. In addition,
climatological statistics on tropical storms in their early stages of development and the positions of the Intertropical Convergence Zone have been vastly improved. There is great promise for a major advance in the
data base for upper atmospheric temperatures through infra-red scanning.
The gradual improvements in the satellite Observations, their accumulation, and increased sophistication
in the analysis of the data have already led to important scientific results in climatology. These encompass
composite maps of the Earth's radiation balance based on these measurements (vonder Haar and Suomi, 1971;
Raschke, 1972; Raschke et al., 1972).
Admittedly, these data are still an early attempt. Their variances are not yet known but they may well
contain the beginning of clues for understanding the longer-term fluctuations of climate and undoubtedly
usher in an era in which climatic forecasting will take form and be substantially improved. Just as our predecessors a hundred years ago stood at the threshold of important new developments so may our successors
a hundred years hence look back and view today as the era at the commencement of understanding and precalculating the ways of climate.
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REVIEW OF SCIENTIFIC AIMS OF GARP
(WITH PARTICULAR REFERENCE TO THE ROLE OF THE OCEANS)
by R. W. Stewart
(Department of the Environment, Canada)

SUMMARY
The Global Atmospheric Programme is a programme of applied research. Its stated objectives can be paraphrased quite simply as better weather forecasting for longer periods and better understanding of what it is that
determines climate. To accomplish these ends the programme has two rather distinct facets. On the one hand,
it involves co-ordination of concerted efforts on a scale too great for individual organizations or even individual
countries to attempt. The GARP Atlantic Tropical Experiment and the GARP Global Experiment are outstanding
examples. On the other hand, the attention of scientists is directed towards those particular problems whose
solution is essential to the successful accomplishment of the programme's goals. Examples include technical
problems in numerical simulation, the understanding of the behaviour ofradiation in the atmosphere and the understanding of the influence of the atmospheric boundary layer.
Longer-term atmospheric phenomena, in particular the climate, depend crucially upon the nature of the
lower boundary of the atmosphere and especially upon the ocean. Recently an increased proportion of the effort
of GARP has been directed towards consideration of climate, and the needs for understanding the oceanic influence
have come more sharply into focus. It becomes necessary to consider all those phenomena in the ocean which
determine the surface temperature distribution. The oceanographic problem is in some ways more difficult than
the meteorological one, principally because the important scales of motion seem to be smaller and because there
are much fewer data available. Increasingly the oceanographic community is being drawn into the programme in
order to attack these difficult problems.

Inside the front cover of each of the numerous GARP publications we find the following words:
"The Global Atmospheric Research Programme (GARP) is a programme for studying those physical processes in the troposphere and stratosphere that are essential for an understanding of:
(a) The transient behaviour of the atmosphere as manifested in the large-scale fluctuations which control
changes of the weather; this would lead to increasing the accuracy of forecasting over periods from
one day to several weeks;
(b) The factors that determine the statistical properties of the general circulation of the atmosphere which
would lead to better understanding of the physical basis of climate.
This programme consists of two distinct parts, which are, however, closely interrelated:
(i) The design and testing by computational methods of a series of theoretical models of relevant aspects
of the atmosphere's behaviour to permit an increasingly precise description of the significant physical
process and their interactions;
(ii) Observational and experimental studies of the atmosphere to provide the data required for the design
of such theoretical models and the testing of their validity."
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Those words were written in 1967, which as things go in today's world is a long time ago. Nevertheless,
they still describe the Global Atmospheric Research Programme. Allowed to use the same number of words,
one could not do much better now. Of course, like other words which have been much quoted - words from
sources of greater antiquity and with more authority - they are subject to some differences in interpretation
from one writer to another. Again, like those other writings, there is a tendency for the accepted interpretation
to change somewhat with time. There is now a tendency to speak of the "First GARP Objective", concerning
weather, and the "Second GARP Objective" which concerns climate, with more sense of sharp distinction
than I remember in the late sixties.
The fact remains that GARP is concerned with improving the accuracy of weather forecast and with
improving our understanding of those statistical characteristics of the weather which constitute climate. The
programme remains one which stresses the vital interaction between theorists and modellers and those responsible
for the design of observational systems and the interpretation of observations.
GARP is thus concerned with weather, climate, and observational techniques. In this conference, my
paper is surrounded by others addressing the subjects of weather, climate, and observational techniques. It
was therefore with some gratitude that I noted that the conference conveners have given me a little elbow room
by suggesting an emphasis on the role of the oceans. This will not, however, prevent me from creating
some additional elbow room of my own by making occasional incursions into the territories of my neighbours.
I trust that they will forgive me for this aggressiveness.
The expression of the First GARP Objective makes it quite clear that, in this respect at least, the Global
Atmospheric Research Programme is a programme of applied research. The scientific objectives are related
to this application, which is to increase the accuracy of forecasting. Those who seek financial support from
their governments to conduct GARP-related research do not do so in terms of satisfying human curiosity
about the nature of their planet or of the universe, but in terms of the advantages to mankind of increased
reliability and extent of weather prediction.
In practice, the scientific aims have been substantially sharpened by the interpretation which has dominated
the thinking of those active in GARP: with respect to weather forecasts, the programme is primarily concerned
with numerical modelling. One of the most active and important groups within the programme has been
the Working Group on Numerical Experimentation. This group has been vigorously active in promoting
advances in the computer software associated with numerical weather prediction. (It has also been impressively
active in interacting with those concerned with observations. This is a point to which I will return later.)
A great many ofthe other GARP sub-programmes have been pointed towards meeting the need ofthe modellers.
One of the most important of these needs is that for adequate understanding of sub-grid-scale processes
so that they may be parameterized with sufficient accuracy for use in numerical models. The needs of the
model thus provide the scientific objectives of many other research programmes. Examples are very numerous,
and it is instructive to look at a few of them. Perhaps most obvious is the need to deal with the lower boundary
of the atmosphere. Momentum, heat and water vapour flow through this boundary and modify the nature
and behaviour of the atmosphere. The modification is of sufficient consequence that the models must take
account of it. However, the models generate internally information only on quite large scale - rarely less
than 100000 km2 and often a good deal more. Yet these boundary fluxes occur on scales of a few metres or
less. It is evident that some fairly thorough understanding of what is going on near the boundary is necessary
if the values of fluxes introduced into the model are to have sufficient validity. It is also evident that the scale
and the needs of the models provide fairly definite requirements of those working in the boundary layer.
There are some aspects of the boundary layer which are unimportant to the model. The understanding
of those aspects of the boundary layer is not among the scientific objectives of GARP - although that understanding may be both important and interesting in its own right. Thus the scope of GARP is limited. There
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may be differences of opinion as to exactly where these limits lie, because there may be differences of opinion
as to what the nature of the numerical model which will be employed in the next few years is likely to be. But
that there is a boundary is agreed. GARP does not encompass all of the atmospheric sciences.
The study of the boundary layer can be, and usually is, carried out on a relatively small scale. Typically,
the programmes involved in this study are one-institute programmes or one-nation programmes - although
some, such as the British JASIN project, may be very elaborate complex ones demanding considerable resources.
In these cases the international role carried out under the auspices of GARP is the fairly usual one of encouraging
co-operation, intercomparison of results, and intercalibration of instruments (such as was recently carried out
among American, Australian, Canadian and Soviet groups in the U.S.S.R.).
Similarly, the treatment of radiation in the atmosphere has largely been studied by national groupsalthough again a study like the Soviet CAENEX one is elaborate, comprehensive, and demanding of many
resources. The problem of inserting suitable radiation calculations into the model is, I believe, now known
to be more difficult than was envisaged a few years ago and is demanding a significant amount of attention.
These are merely examples. There are many others, including such comparatively esoteric problems as
the absorption of energy in the middle of the atmosphere by clear-air turbulence and other mechanisms.
Some of the needs for sub-grid-scale parameterization demand study on a scale and with an intensity
beyond the resources of almost any nation. An example is the very rapid modification of the property of an
air mass when it moves from a region where the underlying surface is cold to one where it is much warmer.
The most important occurrences of this phenomenon take place when winter continental air flows out over
warm water - for example on the eastern shores of North America or of Asia. A GARP study of this phenomenon has been undertaken in the East China sea. The experiment, designated AMTEX, was generated
by Japanese initiative, and the Japanese remain the major contributors. However, important contributions
are being made by the U.S.A., the U.S.S.R., Australia and perhaps some others and the experiment is a truly
international one. It is important to recognize the difference between an experiment like AMTEX and those
being carried out under the boundary-layer programme. In AMTEX we are not dealing with exchange of
results and intercalibration ofinstruments. We have a jointly planned international experiment with co-ordinated
observations made simultaneously following a jointly conceived plan - recognizing that most of the planning
and most of the observations will be effected by nationals of one country, in this case Japan.
Moving still further in this direction, we find the GARP Atlantic Tropical Experiment, GATE. The
objectives of GATE are similar to those of the other programmes mentioned immediately above. That is, to
learn how to parameterize certain sub-grid-scale processes of importance to the numerical model. In this
case, the sub-grid-scale processes involve tropical convection over the ocean. The magnitude of the effort
required for this study, and its location far from the territory of any of the most developed nations of the
world, called for an international approach of a different order from anything previously attempted. In fact
when GATE takes place next year, it promises to be the most complex and perhaps the biggest international
scientific undertaking which has ever been attempted in any field of science. Nearly thirty ships from about
a dozen nations - far and away the largest scientific fleet which has ever been gathered - plus many research
aircraft and the brains of some of the best meteorological scientists and technologists in the world will be
focused on this problem. The extent and density of this effort is illustrated in Figure 1.
Important though it is, there is much more to GARP than parameterization. There is also the interplay
between the numerical model and the world-wide network of observations. To this audience T need not
expound upon the World Weather Watch - WMO's great globe-girdling network of observations which
provides the basis for all global calculations, be they within GARP or those of the national Services responsible
for producing daily forecasts. I will concentrate on other aspects.
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A preliminary plan for the distribution of ships in the GARP Atlantic Tropical Experiment (GATE) 1974. The
final plan will be similar, but not identical. GATE may be the biggest concerted international scientific effort
ever attempted

One of the features which has given me most pleasure, and at times most pride, in my association with
the Global Atmospheric Research Programme has been the vigorous interplay which has occurred between
those involved with observing the atmosphere and those involved in modelling it. And the interplay has been
in both directions. The impetus which led to the creation of GARP was undoubtedly the conjunction of the
fast, vast-memory digital computer which made global calculations possible, with the development of spacebased observing systems which made truly global observations possible. Some ofthe early hopes for observation
systems have faded as more was learned, others have grown as it became evident that some techniques gave
even better results than they promised. The close co-operation which has prevailed right from the beginning
between the Joint Organizing Committee for GARP and COSPAR Working Group 6 has been a dominant
favourable factor.
One of the most important characteristics of the space-based observations is that, unlike traditional radiosonde observations, they do not occur at standard synoptic periods. Typically, some observations are being
taken somewhere all the time. It is generally thought that if maximum advantage is to be taken of these observations, techniques should be found whereby they can be injected into the model at times corresponding to when
they were taken. This demands so-called four-dimensional data assimilation. The GARP Working Group
on Numerical Experimentation has been very active in promoting studies of four-dimensional assimilation.
On the other face of the coin, design of observational systems demands information on the consequences
of choosing various spacing, various timing and various accuracy of observations. Again, the numerical
experimentation group has been active. Many experiments have been run using simulated observing systems,
in order to determine the consequences of different distributions and of different accuracies of observations.
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These calculations have been invaluable in the design of observing systems, including the design of the instruments themselves.
Another demand of the modeller is sufficient information on the real atmosphere, obtained globally, for
him to investigate seriously the ability of his model to reproduce the actual behaviour of the atmosphere. In
order to do this, he needs as complete information as possible of the nature of the atmosphere at a starting
point, so that he may realistically put his model into operation, and accurate information at later times, so
that he may compare the calculated behaviour of the atmosphere with the actual behaviour. Only by having
data of this kind will the modeller ultimately be able to refine his model so that it faithfully follows the evolution
of the real atmosphere and only thus will he be able to predict with confidence the future behaviour of the
atmosphere, i.e. provide reliable weather forecasts. An initial attempt at providing data for this purpose was
made using existing observations, both within the World Weather Watch and of other kinds, to collect a Global
Data Set. This Global Data Set, which was prepared for GARP and is now available, gives the modeller
something to be going on with, but it has many grave inadequacies - in particular inadequate information
in the tropical regions and in the southern hemisphere.
A vastly more complete data set is the object of the GARP Global Experiment, now forecast to begin
in 1977. The principal object of this great international undertaking is to provide sufficient data that models
can be initialized as accurately as possible and then to provide sufficient data that the predictions of the
models can be checked as completely as possible.
And what· about the role of the ocean?
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Figure 2 -

Deviation in degrees Fahrenheit, 1-30 June 1973, of sea-surface temperature from long-term mean. Hatched areas
were colder in 1973
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We had some considerable discussion above concerning the need to parameterize boundary-layer fluxes.
But over 70 per cent of the boundary area is ocean. Because of the significantly lower albedo of water vis-a-vis
most land areas, the flux of heat, sensible heat and latent heat combined, has an even larger proportional
contribution from the ocean. Thus any calculation which needs the surface fluxes in a fundamental way must
take account of the nature of the ocean.
For almost all purposes, the only parameter required from the ocean for atmospheric calculations is the
surface temperature. We seem to be approaching a time when the surface temperature will be observable from
space-based systems with sufficient accuracy. One might then well ask whether we need any information about
oceanography at all. For short-range forecasts - out to a few days - we probably don't! Differences from
c1imatological surface temperatures probably do not produce significant differences in atmospheric behaviour
in a day or so. For these very short times, climatological data are probably adequate. Figure 2 shows a typical
distribution of the difference of sea-surface temperature from the climatological mean in the North Pacific.
For somewhat longer forecasts we will have to do better than that. But observations, without calculations,
may suffice. Sea-surface temperature does not change enough in a few days that dramatic effects will be
experienced if the measured temperature at the initiation time of the model is used as a basis for the calcula-
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Temperatures at Ocean Weather Station Papa. Both the surface temperature and the underlying (75 metre)
are shown. Note the year-to-year difference both of the surface temperature and of the underlying temperature
and the substantial changes in surface temperature which may occur in a few days
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tion for several days. However, if forecasts are to be possible with ranges of a week or more, we are in a
different position. Sea-surface temperatures can change significantly over large areas in that time. If conditions
are particularly calm, a shallow warm area can build up which is several degrees above both the underlying
water and "normal" temperatures. A strong wind can mix water down to very considerable depths and
dramatically change surface temperatures in a very short time. The rapidity and extent of these fluctuations
is illustrated in Figure 3, which also shows how temperature varies from year to year. These effects will have
to be taken into account when the sea-surface temperature has to be predicted.
Typical oceanic currents, if one keeps away from strong boundary currents such as the Kuroshio and
the Gulf Stream, have speeds of about 10 cm/s or, that is, 10 km/day. If numerical calculations are carried
out on a 500 km grid, this means that it takes the better part of two months for an oceanic current to transport
heat from one grid point to another. Such transport, then, would seem to be unimportant for the weather
forecasting problem if forecasts cannot be expected to extend beyond "several weeks".
The oceanography needed would then seem to be strictly that associated with vertical, rather than horizontal
processes. Study of these processes is actively under the attention of oceanographers. We are in a fortunate
position of having at least two conflicting and very different theories, which lend themselves to fairly sharp
observational differentiation. As so often happens in such situations, we may expect observational programmes
which will not only distinguish between these theories but provide a much more solid empirical base for any
calculations which one may wish to perform with respect to vertical processes. I confidently anticipate that
substantial progress will have been made in this area by the time the Global Experiment data are being analysed
sufficiently closely that this oceanographic information is needed. The calculations will of course have to be
supported by observations, and one of the observational programmes being pressed for inclusion in the Global
Experiment is measurement of sea-surface temperature and of the distribution of ocean temperatures in the
upper layers required to assist such calculations and verify their reliability. It is unlikely that observations
of this type will be available everywhere in the ocean, so the intent is to be sure that they are available at least
in some crucial areas. An example of the kind of data expected is shown in Figure 3, taken from Denman
and Miyake (1973). This also shows the success which one of the theories referred to above achieves, at least
under some favourable circumstances.
With the completion of the Global Experiment, meteorology should be in a position it could never otherwise have reached. The data base available will permit a very wide range of numerical experiments which
should have at least three extremely important results. The first, already mentioned, is that it should permit
substantial improvement in the models themselves since it will be possible to check the validity of ideas about
improving models against actual global data. As this process of the refining of models develops, one will at
last be able to come to grips with that most central and most formidable problem of weather forecasting, the
question of "the predictability of the atmosphere". We should be able to get a very much clearer idea than
we have now as to what sort of forecasts are possible given a particular observing network and optimum
computing techniques and at what point no further improvement can be expected. A concomitant of this
is that we should be able then to examine the observing system with a clear idea as to what benefits are gained
when an expenditure is made on part of the system. To my mind this is one of the most important objectives
of GARP: to provide a rational basis for cost-benefit calculations on various kinds of observing systems within
the World Weather Watch.
All of this discussion so far has concerned the First GARP Objective. The role ofthe oceans is important,
but as we have seen the role of the oceanographer is rather marginal. But when we come to the Second GARP
Objective - climate - the picture changes completely. Differences in climate, whether from one decade to
the next or over dozens of millenia, involve persistences very much longer than it seems reasonable to expect
of the atmosphere itself. It is, so far as I know, universally believed that the oceans must be involved in these
persistences, since the oceans have so much longer a "memory" than does the atmosphere.
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Comparison of the observed sea-surface temperature structure at Ocean Weather Station Papa with that calculated
by a model making use of data on wind and radiation. This is only one of several models designed to account
for the vertical processes in. the upper ocean (From Miyake and Denman, 1973)

Except for tidal effects, the ocean is absolutely dominated by meteorology. The radiative heating and
cooling patterns depend upon cloudiness. The cooling of the surface is either by radiation or by direct transfer
of heat - sensible or latent - into the atmosphere. The salinity distribution of the ocean depends upon
precipitation, runoff, and evaporation patterns - all of which are essentially meteorological phenomena, if
the geography is taken as given.
The great ocean circulations, and lesser oceanic motions, are driven by density differences associated
with these effects listed immediately above and in particular by momentum transferred from the wind to the
water.
But there is another side to this coin. As has been noted above, the behaviour of the atmosphere is crucially
dependent upon the oceanic surface temperature distribution. The heat fluxes between the ocean and the
atmosphere are sufficiently vigorous that marine air quite rapidly adopts a temperature very close to that of
its underlying surface, and a corresponding water vapour content. We thus have a circular feedback system

49

REVIEW OF THE SCIENCE OF METEOROLOGY

whereby the nature of the atmospheric circulation is dominant in determining both the oceanic temperature
and salinity and its circulation. The ocean circulation and distribution of properties determines sea-surface
temperature. That in turn strongly influences atmospheric circulation.
Like other feedback systems, this ocean-atmosphere feedback may be either positive or negative, that
is, it may tend to accentuate perturbations or to damp them out. Like many other feedback systems this one
probably has attributes of both positive and negative feedbacks, as is schematically illustrated in Figure 5.
That is, there are probably certain kinds of perturbations which are accentuated, and other kinds which are
damped out. In the turbulent system which is our atmosphere, natural perturbations of all kinds occur. In
addition there are external perturbations such as the increase in aerosol load caused by volcanic activity, and
to a lesser extent by human activity. Variations in the solar constant occur because of progressive changes
in the Earth's orbit and possibly because of events in the Sun. For most of these perturbations the oceanatmosphere system seems to be remarkably stable, since I think it must be admitted that the observed global
variations in mean properties of the atmosphere which have been measured since observations have become
widespread, have been remarkably small- a small fraction of one per cent of the mean Kelvin temperature
of the Earth.
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Schematic representation of feedback processes: (a) positive feedback leading to accentuation of effects; (b) negative feedback leading to the damping of fluctuations; (c) feedback which may be either positive or negative depending
on the nature of the changes. The actual situations corresponding to Figure 5(a) and 5(b) are much more complex
than indicated and in fact these feedbacks might have opposite signs

In fact one sometimes gets the impression that the Earth's present climate is held as taut as a bowstring

(although the metaphor seems better in terms of the kind of bow used for playing a violin than the kind used
for shooting arrows. There are so many components involved that there seems to be little resembling any
kind of vibration.)
It seems that there is some tendency for some negative feedback influences even over fractions of the
Earth's surface and on comparatively short time scales. For example, in Figure 6, derived from Oort (1973),
we see the comparison between the heat content - expressed in terms of temperature - of the entire atmosphere
north of 60° latitude as a function of time, together with the influence of one important term in the factors
contributing to the change of this heat content. The mean over the five~year period and the average annual
cycle have been removed. It can be seen that the magnitude of this one term - the effect of the advection
of heat from lower latitudes - has an enormous fluctuation relative to the total. Thus some other terms,
presumablyradiative ones, are almost exactly balancing this advection term.

On the other hand, there have been important persistent changes in the phase of meteorological events
with long persistence. These changes in phase are extremely important locally, even if their global effect seems
to be small.
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The heat content of the atmosphere north of 60° latitud~, expressed in terms of temperature, compared with the
influence of a single term - that of advection of heat from lower latitudes. The mean and the average annual
cycle over this time-period has been subtracted out. Note the much larger scale for the contribution from the
advection compared with the heat content, indicating that other influences must almost exactly compensate for
variations in the advection term (Derived/rom Oort, 1973)

I think one has to adopt the view that something has caused the persistent devastating drought of recent
years in the SaheI. Something caused the abnormally low levels of the North American great lakes of a few
years ago and the abnormally high levels of the last few years. Something caused the changes in circulation
patterns which have been observed in recent decades over the United Kingdom.
I do not wish to give the impression here that I am joining those who wish to blame human activity for
all of this. I am not of that opinion. Since there is evidence that events of this kind occurred in the past, I
believe it to be more reasonable to look for the certain kinds of perturbations which may be subject to at least
a degree of positive feedback by the ocean-atmosphere system.
It is my opinion that a sizeable proportion of the GARP effort on climate should be directed towards
attempting to understand· these feedback mechanisms and attempting to identify which of them are positive
and which negative. Of course, some significant effort in the study of climate will have to be carried out by
examining the records of the past - much of it the prehistoric past. If GARP auspices can be helpful in
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promoting this study, they will be so employed. But much more in line with the GARP philosophy expressed
in the statement quoted at the beginning of this paper:
"(i)

The design and testing by computational methods ... "

and "(ii) Observational and experimental studies of the atmosphere ... "
is an examination of shorter-term events subject to direct observation within human time scale.
The computational and observational programme necessary will have to extend to beyond the atmosphere
itself. The ocean will be of central importance. One of the most important questions will be that of sea ice.
The contrast in albedo between ice and open water, and the contrast in the winter thermal regime, is so very
great that even relatively small changes in the area of ice cover must have appreciable consequences. And
it seems almost certain that the ice cover is part of one of the important positive feedback mechanisms in that
an increase in ice cover must surely by its increase in albedo cause a reduction in temperature, which should
then induce further extension in ice cover.
But there are other effects. As soon as we turn our attention to events lasting more than a few weeks we
can no longer focus exclusively on the vertical processes in the ocean. Horizontal processes must become
important. Most workers now believe that the meridional transport of heat by the ocean is fully comparable
to that of the atmosphere. It is known that this transport is subject to substantial fluctuations, and as was
seen in Figure 2 very large areas of the ocean can experience temperatures some degrees different from their
observed long-term mean - differences caused at least in part by the advection of large masses of ocean water
across the lines which in the long term are isotherms. As was pointed out above, the ocean is driven by the
atmosphere. When the ocean temperature distribution changes, the atmospheric circulation and therefore the
atmospheric driving of the ocean can be expected to change too. Clearly positive feedback is a possibility!
An attempt to understand it is surely one of the scientific objectives of GARP.
This understanding will not come easily. So far as the study of time-dependent advective processes is
concerned, the ocean is not at all well understood. Despite a substantial amount of effort in recent years,
oceanographers are not particularly sanguine that it will become well understood in the immediate future.
It is not yet certain that a suitable theoretical framework for understanding these motions has yet ,been devised.
No suitable observational system yet exists to support such theory, nor is it clear as to what the nature of
such an observational system (compatible with reasonable economics) should be. These are very difficult
problems, and meteorologists should be wary of adopting an arrogant attitude that they can easily solve
problems which oceanographers have been struggling with for many years. However, solution to these
problems is a prominent GARP scientific objective. The Global Atmospheric Research Programme must
lend every possible assistance to their resolution.
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DEVELOPMENTS IN TECHNIQUES OF OBSERVING THE ATMOSPHERE

by P. Morel
(Professor, University of Paris, France)

SUMMARY
The history of the World Meteorological Organization is very closely connected with the development of
the network of meteorological stations and communication lines first imagined by -Le Verrier, the astronomer,
who started the first meteorological service at the Paris Observatory, in 1885. At present, in 1973, this network
covers practically all inhabited regions, but serious gaps remain in the coverage of oceans and desert regions.
Fortunately, the extremely rapid progress achieved in remote sensing from space vehicles makes it possible
to supplement the ground observations and, for the first time" to obtain a complete global coverage.
These satellite observations offer promise of a very accurate determination of the horizontal gradients of
temperature and wind in the lower layers of the tropical atmosphere. Their overall coverage and real density are
unmatched. It can therefore easily be foreseen that these observations will serve as a basis for analysing the general
circulation of the planetary atmosphere, with a view to developing medium-range numerical weather prediction.
However, satellite observations cannot replace detailed tropospheric soundings for local weather forecasting;
these soundings are therefore still essential for the inhabited regions. Nevertheless, the continuous monitoring of
the development of mesoscale meteorological phenomena that can be achieved with geostationary satellites offers
new possibilities for truly local short-range (a few hours) forecasting.

The three ages of meteorology

Since the earliest times no doubt, scientists and men of action alike have sought to accumulate empirical
data on variations in the weather, obviously in the hope of identifying the signs that precede meteorological
changes and deducing their probable consequences. There is nothing unscientific about this early, purely
empirical, type of forecasting: like all science, it is founded on the hypothesis that similar situations are likely
to lead to similar effects. Fishermen at sea and Alpine guides on their mountains constantly draw upon their
empirical knowledge of weather signs to work out their own private short-term forecasts; and these forecasts,
based entirely on the qualitative observations they can make in the course of their daily occupation, are often
very reliable. The first age of meteorology, then; is essentially a qualitative exercise, based on observation
of clouds and other weather signs over an area limited to the visual horizon. Certainly as long ago as the
sixteenth century, the invention of the barometer and thermometer made it possible to add to this lore a certain
amount of quantitative data, but it was difficult to interpret owing to its purely local origin. It must be appreciated that at· this primitive stage in weather forecasting the wealth of data was already considerable: it should
suffice to consider how many bits would be needed to communicate the observer's visual image of the form
and texture of clouds or the colours of a sunset. This (qualitative) information is such that there could, of
course, be no question of transmitting it over any distance; and so first-generation meteorology was virtually
limited, by the circumscribed horizon of visual observation, to forecasting over the next few hours at most.
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The first revolution in the art of meteorology came in the second half of the nineteenth century, and was
due not to any improvement in the means of observation, but to the invention of the telegraph and its effect
on the speed of communication. As long ago as 16 February 1855, the distinguished astronomer Le Verrier
submitted to Napoleon Ill, Emperor of the French, "a project for a vast meteorological network to give sailors
warning of the approach of storms". The Emperor approved the project, and Le Verrier lost no time in
presenting the Academy of Science with the first weather maps of France, drawn from data collected by the
Telegraph Office. On 1 January 1958, the Paris Observatory's Meteorological Bulletin became a daily issue,
giving the barometric pressure to a tenth of a millibar for thirty French and other European stations with a
telegraph line to Paris. From September 1863 onwards, the Bulletin included a map showing the atmospheric
pressure and ground-level winds over the whole of Europe (Figure 1), and the early warnings of storms that
could be predicted were telegraphed to the seaports .

.••
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~

Figure 1 -

Analysis of the meteorological situation over Europe (1863)

Progress was very rapid along the lines Le Verrier had pioneered, thanks to the international co-operation
that was recognized on all sides as of outstanding utility. The common interest was soon institutionalized in
the setting up of the International Meteorological Organization in 1873, followed by uninterrupted progress
in the observation of the atmosphere of our planet (Figure 2). The organization of a world-wide network of
meteorological stations linked in a world-wide telecommunication network and the launching of satellites
supplying a global, quantitative description of the state of the atmosphere are the outcome of Le Verrier's
original idea. These innovations characterize the second age of meteorology, with the realization that disturbances are simply the local manifestations of physical phenomena on a planetary scale, the global circulation
of the air and its fluctuating meanders. During this second age, we have learned how to replace a vast amount
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of qualitative information by a body of quantitative observations, far more compact and therefore capable
of rapid transmission over long distances, filling in the gaps with figures based on ever more elaborate physicomathematical models; and so, with relatively little information, but all of it significant, working out the present
state and prospective changes in a mathematical analogue of the planetary atmospheric flows. The attention
of this conference is mostly directed to this second stage in the development of meteorology.

56

IMO/WMO CENTENARY CONFERENCES

We can readily visualize, however, a third stage of the art which might well correspond to a return to
the empirical methods of earlier days, magnified by the immensely greater resources for communication that
in effect push the horizon thousands of miles farther away. We are familiar with the characteristic turbulence
of atmospheric flows, in other words,the uncertainty of mathematical solutions for the equations of fluid
mechanics, which set a limit to the- range of weather forecasting. The smaller the scale, the shorter this range;
in practice, it is useless to try to Iorecast the progress of any particular disturbance; the period over which
any such mesoscale phenomenon ca~ legitimately be predicted is too short. This means that the method of
analogue mathematics is powerless to.. forecast disturbances on the mesoscale, and these precisely are most
often the source of the weather changes that affect us. To put it humorously, what dynamic forecasting of
the circulation of the atmosphere tells us is not tomorrow's weather but tomorrow's meteorological chart!
This major difficulty leads back to the empirical notion that the best model of atmospheric phenomena is the
atmosphere itself, which we can observe day after every day, if we have the means. And this is precisely what
the meteorological satellites offer, especially the geostationary satellites with a grandstand view for continuous
detailed surveillance of an immense area, a quarter of the surface of the planet. With this enormous increase
in the quantity of information placed in the forecasters' lap, a new type of surveillance and empirical shortterm forecasting becomes possible. It will perhaps be for our descendants, at the second centenary celebrations
of WMO, to say whether this innovation has been the origin of a, revolution in weather forecasting!

The world observation network
The first advance in aerological observation since Le Verrier's day was undoubtedly the invention in the
1930s of a simple and accurate telemeasuring device - one that could be hoisted up to 20 or 30 km by an
inexpensive balloon - the radiosonde. Radiosounding by an ever-growing number of stations is by far the
most important source of the observations on which our present knowledge of the Earth's atmospheric circulation is based. The development of the World Weather Watch over the last ten years (1972) is still mainly
concerned with the extension of the surface (nearly 3 000 stations taking observations six times a day) and
upper-air (about 650 stations making twice-daily soundings) world-wide network.
The station density is already satisfactory over practically the whole inhabited area of the planet, but
not by any means over the deserts and oceans, as Figures 3 (a) and 3 (b) make clear. The gaps are particularly
obvious in the southern hemisphere; so much so that radiosonde observations alone are not enough for dynamic
forecasting of the global air flows. As the plans for the first Global Atmospheric Research Programme (GARP)
show, meteorological coverage must be extended to the whole of the planetary atmosphere. On the other
hand, it is equally clear that the answer to this lacuna in the mathematical forecasting problem is not the
unlimited multiplication of ocean stations but, as we shall see shortly, the enlightened use of observations
from space to complete the Earth readings.
Radiosondes

There is no need, in this brief review, to deal with the successive improvements that have made presentday radiosondes such ingenious and efficient (and relatively cheap) instruments, despite the often very severe
on-the-spot operating conditions. We may acknowledge, too, that radiosondes supply very accurate measurements of the thermodynamic parameters of the atmosphere, particularly of temperature (0.5 to 1°C, except
at altitudes above 20 km). The conventional methods for determining the vertical profile of the wind, however,
do not give altogether satisfactory results. In the first place, it must be said that the most accurate soundings,
using perfectly spherical balloons and high-precision radar (Scoggins, 1965) indicate such a degree of turbulence
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WORLD-WIDE NETWORK OF UPPER-AIR
STATIONS

Figure 3 (a) -

Geographical distribution of world upper-air observation network

that even virtually instantaneous timed measuring could hardly give a representative picture of an air mass
of synoptic dimensions: the synoptic wind speed can hardly be determined for a given point and time closer
than to 1 or 2 m S-l. And furthermore, serious instrumental errors are to be expected in measuring the speed
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WORLD-WIDE NETWORK OF UPPER-AIB
STATIONS
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110

Figure 3 (b) -

Geographical distribution of world upper-air observation network

of a balloon travelling rapidly towards the horizon, in differentiating elevation, azimuth and distance (by
radar) or elevation and azimuth only (by radiotheodolite). This is even more difficult if the observation has
to be made from a moving platform (ship).
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A recent refinement has been the use of various systems of radio navigation based on measuring the time
lapse in the propagation of LF (LORAN C system) or VLF (OMEGA) radio signals. If the positions of the
emitting stations are known and their signals synchronized, the position of a platform equipped with a suitable
receiver, apparatus for measuring the time lapse and a mini-computer can be determined within a few hundred
metres. An ingenious adaptation makes it possible to use this navigational aid to determine with relatively
high accuracy the successive positions of a radiosonde: it consists in attaching the LF or VLF receiver to the
sonde and relaying the navigational signals to the launching platform, which carries the rest of the equipment
required. The accuracy would be to between 1 and 2 m S-l in normal broadcasting conditions (see Figure 4).
This "navigation sonde" is particularly useful for wind measurement from a ship without special stabilized
radar tracking equipment and has been widely adopted - for the GATE experiment for instance. It could
also greatly facilitate rapid expansion of vitally needed wind soundings in the zone near the Equator.
Communications

There would be no purpose in taking innumerable daily observations in the absence of rapid communications to assemble them in time (which means within a few hours) in the forecasting centres. Synoptic meteorology
was born with the telegraph, and the world network is still based on the telegraph - in its automated version
the telex. A tremendous effort in co-ordination and technical refinement has been devoted in the World

WIND DIRECTION
200° 220° 240° 260° 280 0 3000

-

E

.:Jt:

w

0

::::>

f-

~

Cl

19
18
17
16
15
14
13
12
I1
10
9

+-_

+:-~o._-+
-+

Radar Winds-I min average
Omega Winds-I min average

°
o~

:fl

o~+
.-ll:""_ ~.::--=-+

_0

o~o
2

o::::0:;.t-

a

~
o..q:
'0+

7
6
5

o~~

~o~

4
3

At'

0~oe2.i'
~o

2
I 0

0_

---·~o

~+

~'
-

2 4 6 8 1012 14 161820222426283032343638404244
WIND SPEED (m/sec)

Figure 4 -

Comparison of wind profiles obtained with an OMEGA navigational system and a radar tracker respectively

~

IMPLEMENTATION OF THE GLOBAL
TELECOt+IUNICATION SVSTEM

MISE EN OEUVRE DU SVSTEME
MONDIAL DE TELECOMMUNICATIONS

OCVUjECTB.nEHI-1E r.n05AJIbHO~
CI-1CTEMbl TE.nECB5131-1

EJECUCION DEL SISTEMA MUNDIAL
DE TELECOMUNICACION

PAPE£TE

~

lo

I
~

I
rli ~f 1k;Pj""ll9l£s
~-''''-rr
~

~

PRETORIA
~il \'"

PRESIDENTE F'REI

Mc~~

LEOEND.

~~T~:~~::: ~;:"n~~OAMTY
CIRCUIT1; ESTAlILISH(O BUT NDT ClltlFDRHIHC
=IOTHEGT55I'£OF1CAl'IONSA"OCIRtul~D

:m:m

IflCONFORWlIY TO TM£ GTS SPECl"'t.lTlOKSITIlE
==.:::YEolRlOOttWUi:I'IEMIEDANOIDl!.r_SSlON

==

SI'tEDAAEINOICAI£D.IFPllCMll£D1

~SOTItl=~~~E~~~£~HIE

~RNY=~JA

~,=CONT1IOl,SYST£"
BoonS/SEc,

C

w"'

D

RTH

g!

or-

_{"''''IN REGIOIlAL, REGIONAL

[Q] R~C

H,IOAllOKllLI'1lllJtCT

[QJ ""'

1W"~~U::~:SSIST"'I«:E

0 '"' :::'..::';::,,::
~ :=:'~~UtIC
-

*

*' '*

TUNISIA

UHDP,UMITEDHAIlOHSDEYELDl'MEHT
I'IIOORAlolHE

.o.NllMOllOteO

IJOI~OP£RATICI(I

Y£M TO DE: tlPI.DCMtED

Figure 5 -

Global Telecommunication System

::I:~=L~:~:::'

::=;O~:I~FT;~
ID Ill;' 0l;510ll,t,m or CMI"'"

REVIEW OF THE SCIENCE OF METEOROLOGY

61

Weather Watch to building up the network reaching to the farthest corners of the planet (Figure 5) and operating
24 hours in 24 without any significant interruption.
A few moments spent in looking at this diagram, however, will be enough to appreciate the valueperhaps the necessity - for a still more direct mode of communication: automatic data collection by specialized
satellites and their retransmission en bloc to a few world centres. A particularly useful field of application
for this technique would be the automatic collection of observations carried out on the move by the more
than 6000 ships taking part in the World Weather Watch, thereby avoiding the laborious process of
transmission by radiotelegraphy and the vagaries of the overloaded commercial networks.
A great deal of progress has been made in this field since the first experiments with the ATS geostationary
satellites. The EOLE experiment (1971-1972) is the most recent demonstration of automatic data collection
and location by a low-orbit satellite, and the most extensive so far, involving 480 long-range meteorological
sondes carried on superpressure balloons drifting at 200 mb around the southern hemisphere, a score of drifting
buoys, some with aerological receivers, several ships (including a sailing boat taking part in the Atlantic Singlehanded Race), icebergs drifting around the Antarctic continent, etc. (Morel and Bandeen, 1973).
The characteristics of systems already experimented or projected are summarized in Table 1. The tendency
to choose UHF frequencies of 400 and 465 MHz and an instantaneous sendout ofinformation at about 100 bauds
will be noted. The preliminary definition work on the five geostationary satellites planned for the First GARP
Global Experiment will ensure the comparability of the receivers carried on these space vehicles and give us
by about 1977 a fully world-wide (apart from the two polar regions) data-collection system which may foreshadow the meteorological communications of the future.

TABLE I
Characteristics of satellite data-collection systems

Year

I

68

I

69

I

70

ATS-3 NIMBus-3 NIMBus-4
WEFAX IRLS
IRLS

System

I

71

EOLE

I

74

I

74

SMS
NIMBUS-F dataRADEM collection
system

+

76

I

I

77

METEOSAT
dataTIROS-N
collecRAD
tion
system

+

+

+

Number 0/ platforms

10

20

30

500

Weight o/transmitter (kg)

50

45

5

3

1

148/137

401/446

401/466

402/464

401

402/466

402/466

401

,...." 1000

1041

1041

,...." 150

100

100

100

400

25 (5)

25

6

4

1

20 (2)

20 (4)

2

35000

50000

20000

10000

2500

Frequency (MHz)

1

Bit rate (bauds)
Peak transmitted power (watts)
Cost 0/ each receiver (US $)
Notes:

1
2

2

300

1000

1000

1000
1

The first number is the up-link and the second the down-link frequency.
The number in brackets is the delivered power of the emitter when a directional antenna is used.

3000
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Another system, based on random access to short coded messages picked up by a satellite receiver, is
to be tried out in 1974 with NIMBUS-F (Masterson, 1970). A similar apparatus is being developed in France,
to be used by the TIROS-N series of meteorological satellites, in the course of co-operation between France and
the United States of America. These data-collection facilities derive from the technique used in the EOLE
experiment; the emitting station is located by measuring the Doppler frequency shift in the signals successively
recorded by the satellite. Systems of this kind are especially suitable for application to automatic or nonautomatic mobile stations - meteorological or oceanographic buoys, drifting polar stations or fishing fleets.
The transmitter is designed for attachment to drifting constant-height balloons or mini-buoys, and emits a
constantly repeated short coded message which is eventually picked up by the satellite as it overflies at about
12-hour intervals. Installation of these devices on ships using the less-frequented shipping routes would be
an inexpensive way of collecting and passing on observations made anywhere on the surface of the Earth and
would be a valuable contribution, through the provision of weather forecasts based on more complete information, to the safety of shipping.
Space images

The first meteorological satellite TIRos-1 (Television and Infra-red Observation Satellite) was designed
and launched by the American space organization NASA in 1960. This satellite, with simple television cameras
and suitable recording and telemetry equipment, gave us the first pictures of the Earth's cloud cover taken
from space. Rapid improvements in space instrumentation and the obvious value of the new data satellites
could furnish led the United States, quickly followed by the U.S.S~R., to put into operation the ESSA and
METEOR meteorological satellite systems respectively, starting in 1966.
Following constant progress in infra-red and visible ray detectors and in altitude and directional control
of space vehicles, the television cameras used in the first experiments have been replaced by scanning radiometers (revolving mirror) placed perpendicularly to the satellite Earth track and giving a picture of the region
overflown in the form of a continuous strip. The advantage of these high-definition radiometers is that not
only visible light pictures of high photometric accuracy can be obtained but infra-red images as well.
The most recent instrument of this type to be brought into operational use is the VHRR (Very High
Resolution Radiometer) of the lTos-4 satellite. Its characteristics and those of the Advanced Very High
Resolution Radiometer planned for the next generation of operational satellites are shown in Table n.

TABLE

Radiometers

1. Visible and near IR
channel (flm)
Ground resolution at
sub-satellite point (km)
2. IR window channel (flm)
Ground resolution (km)
3. Water-vapour channel (flm)
Ground resolution (km)

II

NIMBUS-!

NIMBUS-4

ITos-4

TIROS-N project

HRIR

THIR

VHRR

AVHRR

(1964)

(1970)

(1972)

(1976)

0.7-1.3

0.6-0.7

0.5-0.7
0.75-1.0

7

1

1

10.5-12.5
1

10.5-12.5
1

3.4-4.2
7

10.5-12.5
7
6.5-7.0
22

6.5-7.0
4
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In so condensed a summary as this, it is impossible to do justice to the great amount and variety of work
that has been done in meteorological interpretation of these cloud-cover pictures. Even non-specialists are
now convinced of the possibilities for day-to-day tracking of the movements and evolution of tropical storms,
in the characteristic shapes that leap to the eye from satellite observations. But the visible and, still more, the
infra-red images sent out by the VHR radiometers have many other applications in synoptic and mesometeorology: determining the ice-pack boundary, possibly tracking major icebergs, measuring the surface
temperature of the sea, observing the production of aerosols and measuring the areas of pollution, observing
the development of cloud systems connected with fronts or squall lines, locating depression centres (Warnecke,
1971), etc.
Above all, however, the multi-spectrum images, with constantly improving spatial resolution, coming in a
continual stream from the growing fleet of meteorological satellites, have provided us with a powerful incentive
to reflexion. The new data do not, indeed, give us anything unexpected, anything that could not have been
predicted from ground observations and theoretical knowledge of the physical flows. The great novelty has
been to see these phenomena as they are, on a planetary scale, instead of having to imagine them from a
mathematical reconstruction of the situation; to grasp the totality of meteorological happenings as a global
whole; in a word, to extend the horizon to the whole Earth. To give only one example of the discoveries that
have followed this change in the viewpoint, one might mention the work on the arrangement of convection
cloud clusters in the tropics, and the formation of a banded structure on each side of the Equator, extending
at certain times to almost the whole area of the tropical oceans.
APT system

Since 1966 there has also been a real-time image broadcasting service (Automatic Picture Transmission),
first from one of the two ESSA satellites, later from the American ITOS satellites and soon to come from the
U.S.S.R. METEOR satellites. This system offers any user with a fairly primitive receiving station a picture from
space transmitted by the overflying satellite without any waiting period at all. This virtually instantaneous
transmission of a picture more than covering the region in which the receiving station operates is the first step
towards real-time monitoring of the synoptic meteorological situation for the purposes of short-term but very
detailed forecasting. This surveillance is limited for the moment to the discrete passages of a satellite, but
it is nevertheless precious information, especially for identifying the process on the mesoscale, too vast to be
grasped as a whole by an observer on the ground (or in an aircraft) and slipping through the gaps of the global
network. So we can speak of an innovation of major importance in the study of mesoscale phenomena:
continuous surveillance through pictures of the cloud cover from a geostationary satellite.
Geostationary observatories
It is well known that if a satellite is placed in a circular orbit at an altitude of 35 850 km, with an orbit
time of 24 hours, the same as the period of rotation of the Earth on its axis, if the orbital plane is the equatorial
plane the satellite will have exactly the same motion as the Earth itself and therefore remain always above
the same point on the Equator, at a fixed longitude. In practice, such various influences as the attraction of
the sun and moon produce a progressive tilting of the orbital plane, so that the satellite will not remain completely geostationary without repeated orbital ("station-keeping") manoeuvres, which are fairly costly in propellants. These "geostationary" satellites therefore usually display a certain amount of residual movement
in relation to the Earth, and although Lhe period of revolution. is constant at 24 hours, the sub-satellite point
moves in a figure of eight loop about its nominal position. However, this residual movement can perfectly
well be predicted and varies very slowly, so that it is not of any serious consequence for observing meteorological
changes at the Earth's surface, so long as the amplitude remains within 1 or 2 The tilt rate in the orbital
plane of a stationary satellite is 0.8 per year (that is, of course, without corrective action).
0

0

•

0
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The first attempt to observe the terrestrial cloud cover from a geostationary satellite (1966) was by Professor
Suomi of Wisconsin University, who placed on board ATS-1 (Application Technology Satellite) a small scanning
telescope with a photoelectric detector (Suomi and Parent, 1968). The space vehicle itself was spin-stabilized
on a north-south axis at a spin rate of 100 revolutions a minute; on every revolution the telescope's field of
view, equal to 10-4 radian, an arc of about one-third of a minute, scanned a "line" 3 or 4 km wide across the
breadth of the terrestrial disc. All that was needed then was to tilt the telescope axis step by step to obtain
a line-by-line sweep, like that of a television camera but considerably slower: 24 minutes were needed to build
up a picture of 2 400 lines covering the whole of the terrestrial disc from the North Pole to the South. * The
luminous signal was transmitted line by line in real time to the Wallops Island station in line-of-sight vision
from the satellite, and after appropriate (and rather delicate) synchronization, a very finely drawn picture
of photometric precision beyond the capacity of a television camera was reconstituted. This photometric precision is of importance for the quantitative comparison of each picture with the next. In black and white, as
in the original experiment, or in the improved trichromatic version produced by ATS-3, these Earth pictures
from radiometer SSCC (Spin-Scan Cloud Camera) have proved an invaluable source of information on account
of their time-scale continuity. A fixed image of the situation at a given moment was replaced by a cinematographic view of meteorological phenomena described in an uninterrupted series covering some eight hours
out of twenty-four.
Frequent time sampling (a picture every 20 or 25 minutes) is obviously necessary to grasp the chain
of meteorological events on the mesoscale, whose time constant is of only a few hours, especially the diurnal
cycle phenomena such as a storm build-up. Thanks to this continuous surveillance over a vast area, rendered
possible by geostationary satellite observatories, a whole new class of atmospheric phenomena of outstanding
significance for their effects on human activity are now brought into the field of meteorological knowledge
(Warnecke and Sunderlin, 1968).
The remarkably successful ATS experiments and the importance of continuous meteorological surveillance
on a planetary scale to detect mesoscale phenomena, violent or other, and progress in the extraction of quantitative wind data (see below) persuaded the United States of America, and later Europe (collectively, in the
European Space Research Centre), Japan and the U.S.S.R. to plan operational geostationary satellites working
on a similar principle to the system tried out in ATs-1 and 3. These satellites will be spin-stabilized at about
100 r.p.m. and equipped with mechanical scanning radiometers like the Spin-Scan Cloud Camera but with
a vital refinement: the capacity to detect visible radiation (daylight) as well as infra-red rays (emitted by the
surface of the Earth and clouds day and night) and so give truly continuous coverage, 24 hours out of 24, of
the atmospheric phenomena visible on the terrestrial disc. These satellites will provide multispectral vision
on the same wavelengths as the VHRR radiometer (see Table lI, above). The European METEOSAT satellite
will also in all probability have a third channel in the 6-7 J!m spectral field of the water-vapour absorption
band, so that the movement of humid air masses in the upper half of the troposphere can be observed.
Co-ordination of space-vehicle planning is expected to lead to five geostationary satellites being in position
and operating simultaneously during the First GARP Global Experiment. This network should give practically
overall coverage of the atmosphere except for high-latitude regions (Figure 6) and :might be the basis for a
next-generation permanent surveillance system.
Determining the wind from apparent cloud movements

Anyone who looks at a series of pictures of the terrestrial disc from a satellite will be impressed by the
cinematic representation not only of vertical (development of convection columns) but also horizontal movements that are associated with the general circulation of the atmosphere.
'" To be exact, the complete 2 400 line format in 24 minutes was achieved only with the second vehicle in the series,
the sweep was limited to 2 000 lines in 20 minutes.
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Figure 6 -

Quasi-global coverage by a network of five geostationary satellites

Several techniques have been developed to measure the apparent displacement of recognizable details or
patterns in the cloud cover and to deduce estimations of the "wind" vector. The first is purely visual, consisting
in noting the repetition of a sequence of pictures, sometimes put together like a film strip, and plotting the
displacement of a contrast element. This method can hardly produce a better approximation than to 2-5 m S-l
of the raw measurement. It is, however, extremely simple, and the only method practicable in complicated
situations or where there are several cloud layers criss-crossing at different heights. It can be considerably
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refined, by using the four-image sequential photo-comparator of the Paris Laboratory of Dynamic Meteorology
or the television screen sequential displacement device developed by NOAA and the University of Wisconsin.
In any event, the method universally preferred in dealing with non-ambiguous cases is to look for the correlation
maximum between corresponding samples of two successive images separated in time by half an hour or,
preferably, an hour. The optimum size of the sample would appear to be 100x 100 km in the present state
of the technique (32 X 32 basic picture elements). Samples much smaller than this rarely contain sufficiently
contrasting "patterns" for good automatic recognition, and over too large a sample, the wind could not be
assumed to be uniform. The determination of the wind vector is thus based on the correlation of relatively
persistent mesoscale discontinuities recognizable in the cloud cover of the terrestrial disc. In the most frequent
cases, this correlation gives a non-ambiguous maximum and allows fairly exact measurement of the mean
wind-drift over an interval of about an hour (Figure 7).
The question arises, however, to what the apparent displacement so measured should be attributed. The
first and most serious problem is to determine the altitude of the tracers as seen from a satellite. This is difficult

Figure 7 -

Correlation function for two samples corresponding to two images taken from the ATs-l
stationary satellite at a one-hour interval
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with only the visual images furnished by ATs-l and 3. Taking a very simple climatological hypothesis, the
provisional assumption is to suppose that all the low cloud (the greater proportion byfar) is at a standard
level (900 m) typical of trade-wind inversion and that the high cloud (cirrus), which is comparatively rare,
is at another standard level (9000 m). Obviously this method is still rudimentary, but we must wait for the
infra-red observations from operational geostationary satellites before we can begin to read off the altitude
of clouds from their multispectral signatures.
Secondly, we are of course aware that not every cloud formation is necessarily a proper tracer of atmospheric
flows: the example of mountain-wave clouds immediately springs to mind. In the same way, it is clear that
deep convective clouds do not follow the flow of the layers through which they pass but behave rather as if
they were in chimneys anchored to the lower layers in which they arise. These specific cases are, however,
readily recognizable from a series of visual pictures and naturally still more so in multispectral pictures.
Again, there is no doubt that the instantaneous field of view (IFOV) of the second-generation radiometers
(Table Ill) is far too broad to be able to distinguish the contours of trade-wind cumulus, for example. A small
fair-weather cumulus has a life-span of about half an hour: it will therefore not be detectable on two successive
images. Obviously, then, the "patterns" recognizable by visual inspection or by numerical correlation will
not be individual clouds: their dimensions, 50 to 100 km, their life duration, several hours, show that these
are rather mesoscale disturbances in the atmospheric flow, with the ascending branch detectable by a slight
increase in the cloudiness, i.e. the albedo. It may be noted in passing that the difference in brilliance is nothing
like that between the shining surface of a cloud and the sombre surface of the sea. The task is rather to detect
the slight inhomogeneities in average cloud-cover over a 5 X 5 km or so square. These inhomogeneities have
little contrast and are detectable only thanks to the high photometric precision of the radiometers and appropriate data processing (contrast enhancement).

TABLE

III

ATS-3
(U.S.A.)

SMS/GOES

GMS

METEOSAT

(U.S.A.)

(U.S.A.)

(Japan)

(ESRO) (1)

1966

1967

1974

1976

1976

25

30

20

30

30

Number of lines per image

2000

2400

1821

2500

2500

Ground resolution at
sub-satellite point (km)

4

4

8 (IR)
1, 2, 4 or 8
(visible)

5 (IR)
1.2 or 2.5
(visible)

5 (IR)
2.5
(visible)

Number of radiometric channels

1

3

2

2

3

0.4-0.6

{ 0.37-0.48
0.48-0.56
0.56-0.7

0.55-0.70
10.5-12.6

0.5-0.7
10.5-12.6

0.5-0.9
10.5-12.6
5.8-7.1

ATs-l

Launching date
Image interval (minutes)

Spectral bands (Wn)
1. Visible
2. IR window
3. Water vapour

The question of the representativity of wind measurements deduced from the apparent displacement of
the forms observed in the cloud cover has to be considered in this context: the vital problem is not the difference
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between the displacement of small dynamic medium-scale disturbances and point measurement of the speed
range, but the question how far the drift of these disturbances in the mean flow corresponds to movement
on a scale of importance for forecasting the general circulation. A study by Herbert (1972) shows that about
half the measured differences between the wind speed deduced from cloud displacement and point soundings
Cl to 4 m S-l) is due to very small-scale turbulence affecting the balloons but certainly of no significance for
the general circulation. Again, in situ aircraft measurements have shown high consistency (1 m S-l) between
the displacement of cloud masses and the ambient wind, admittedly in situations where conditions were relatively
homogeneous (Shenk and Hasler, 1973).
Another study, in the course of the BOMEX experiment, showed the possibility of a significant and
consistent estimate of the range of divergence for horizontal wind below the trade-wind inversion layer, based
entirely on satellite observation. As the values of the divergence were around 10-5 S-l, on a scale of 50 to
100 km, it may be deduced that the winds estimated are remarkably consistent at about 0.5 or 1 m S-l (Hasler,
1973). In view of these encouraging experimental results, and the fact that the high spatial density of the
available low-altitude visible tracers is sufficient to cover the sampling errors inherent in too widely-spaced
soundings, we may conclude that the winds deduced from the apparent displacement of clouds as observed
from a geostationary satellite are potentially the best possible method for determining flow at one level (approximately 900 mb) of the tropical or sub-tropical atmosphere. Cirrus and other high clouds, however, are too
rare for overall determination of the horizontal wind field at some other level in the upper troposphere. We
must look for refinements in the coverage of the high-altitude field such as the development of further radiometric channels, particularly in the water-vapour absorption band around 6.5 J.tm (Allison and Sterank;a, 1972).
Atmospheric soundings from satellites

Quantitative measurement of the field of temperature in the atmosphere is an essential, probably the most
vital, of all factors in dynamic weather forecasting. Until very recently (NIMBUS-3, April 1969) the only practical
method for measuring the upper-air temperature was in situ measurement by a balloon- (or rocket-) sonde.
Kaplan, however, had earlier suggested (1959) a method for deducing the vertical temperature profile from
spectrometric measurement of upwelling infra-red radiation. This method has long been used by astronomers
and is based on the partial transparence of the atmosphere according to its own thermal radiation and the
ground radiation.
The radiation transfer equation

The atmosphere is highly transparent in the 10.5-12.5 J.tm spectral field - the "infra-red window". The
outgoing radiation comes from the ground or from opaque clouds. The atmosphere is highly absorbent, on
the other hand, in the Q branch of the CO 2 molecule absorption (667 cm-1 , about 15 .urn). For this wavelength,
the outgoing radiation comes entirely from the uppermost layers of the atmosphere, the radiation from the
lower layers having been completely re-absorbed.
For intermediate absorption, the outgoing radiation comes from the intermediate layers, this being
lower down in the atmosphere, the less the absorption per unit mass. The monochromatic intensity I k of
the outgoing radiation is given by the radiation transfer equation:

where Bk(T) is the Planck black-body emission law for wave number k at temperature Tand 7:k(P) is the transmittance of the air column above the level of pressure p. Knowing the (slowly variable) proportion of absorbent
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molecules - in this case CO 2 - and their molecular absorption coefficient, the transmittance 'l: (p) and from
it, the weighting function rh/dp, which indicates the distribution of the starting altitudes of the outgoing infrared photons (Figure 8), can be calculated. The characteristic shape of the bell-like curves is explained by the
exponential decrease of absorbing molecule density in the upper air, and by the attenuation, also exponential
or nearly so, of the radiation from lower altitudes. The greater the molecular absorption coefficient, the higher
the altitude at which the weighting function is centred, the product of the absorption by the mass of the air
column traversed remaining (almost) constant.
The radiation transfer equation enables us from any given temperature profile T(p) to calculate the upwelling
infra-red radiation spectrum theoretically or to interpret spectra observed experimentally (Figure 9). Since
the spectral intensity of radiation from a black body is a rapidly increasing function of its temperature, the
radiation which comes mainly from the cold upper-air layers is much weaker than that from the lower layers
or the relatively warm ground. This readily explains the spectral forms observed: the absorption band is
typically shown by a marked depression in the radiation spectral intensity since it derives from the colder
regions of the fluid atmosphere. It would be the opposite if the temperature increased with the altitude, which
is in fact what one observes at the centre of the absorption band corresponding to the emissions from stratospheric layers warmer than the tropopause (Figure 9).
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The converse problem
If we can ascertain the exact spectral distribution of the infra-red radiation emerging from the atmosphere

by applying the radiation transfer equation to a given temperature proille, then it should be possible to resolve
the converse problem, Le. either:
(a) To infer the temperature profile or proilles compatible with an observed infra-red spectrum and a
known concentration of absorbing molecules (e.g. CO 2); or
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(b) To infer the concentration of absorbing molecules (H20, 0 3 , etc.) compatible with an observed

spectrum and a known temperature profile.
Such is the principle used in determination of the atmospheric temperature profile from a distance, and
remote sensing of the various minor constituents of the air, from high-resolution radiometric measurement
of the spectrum of infra-red radiation, the microwave thermal emission of the atmosphere. In theory, there
can be only one solution to this converse problem, but in practice, the normal stratification typical of the
terrestrial atmosphere limits the position to a fairly limited number of acceptable solutions to reach a precise
and unambiguous result (Wark and Fleming, 1966; Fritz et al., 1972).
The real problem is not in the mathematical procedure in inverting the radiation transfer equation but
in the contamination of the measurements due to parasitic absorption by an unknown proportion of aerosols,
and especially clouds, in the radiometer field of view. (This effect is relatively negligible for a microwave radiometer except in the case of very dense rain clouds.)
Correction of the cloud effect
Obviously, the partial absorption due to aerosols or clouds can be got rid of by using the millimetric
waveband spectrum (oxygen absorption band around 5 mm) for the atmospheric soundings.
Even in the infra-red band, however, the spectral intensity values that would have been found emerging
from a completely clear column of air can be deduced a posteriori, at least in the simple but very frequently
occurring case of partial cloud cover at a single level. The method is based on the use ofthe wavelength diversity
(several radiometric measurements in widely spaced spectral areas) and space diversity (similar measurements
in adjacent fields of view (Smith et al., 1973)). This method can therefore be applied only to the data supplied
by the second-generation scanning radiometers taking about 100 samples in a 200 x 200 or 300 X 300 km square
in which one can reasonably suppose the meteorological conditions to be consistent (Table IV).
TABLE

IV

NIMBUS-3

ITOS-4

NIMBUS-5

NIMBUS-5

TIROS-N

TIROS-N

SIRS
(1969)

VTPR
(1972)

ITPR
(1972)

NEMS
(1972)

TOVS A and B

TOVS CandD

1976 (project)

1976 (project)

,....., 1000

,....., 1000

,....., 600

,....., 1000

,.....,200

,.....,400

50

60

40

200

30-60

300-400

None

None

± 35°
(3 blocks of
140IFOV)

±40°

None

(72 steps)

40°
(8 steps)

11.1 (1)

12.0 (1)

3.7 (1)
11.1 (1)

-

3.7-4.0 (2)
11 (1)

CO 2 channel (/lm)

13.3-15 (7)

13.4-15 (6)

13.4-15 (4)

-

4.4-4.6 (4)
13.4-14.8 (5)

H 2 0 channel (/lm)

-

18.7 (1)

19.7 (1)

-

18-30 (3)

-

Ozone channel (/lm)

-

9.7 (1)

-

Equivalent sampling
interval (km)
Instantaneous field
of view (IFOV) (km)
Scanning
IR window (/lm)

-

Microwave window (cm)

-

-

-

0.95 (1)

-

O2 microwave
channel (cm)

-

-

-

0.51-0.56 (3)

-

H 2 0 microwave
channel (cm)

-

-

-

1.35 (1)

-

In parentheses: Number of quasi-monochrome channels.

14.9 (3 with
CO 2 channel)

-

0.55-0.56 (2)
-
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The first step is to deduce the surface temperature (preferably of an ocean surface) by radiometric measurement through a single-layer partial cloud cover of unknown altitude and density. For this we use the radiances
measured in the two atmospheric transparence windows around 3.7 J.lm and 11 J.lm. Whatever the ground
temperature and the cloud-layer temperature, the measured radiance is the sum of the ground radiation and
cloud radiation, in unknown proportions, present in the field of view. Any radiance measured is therefore
a linear function of the fraction of the field of view covered by clouds, which will be the same over 100 or
200 km or so where there is little variation in the meteorological conditions. Next, there is a linear relation
between any pair of radiances measured in the same field of view at different wavelengths, 3.7 and 11 J.1m,
for instance. In the extreme case, this linear relation would also apply to clear column radiances measured
in the total absence of cloud cover (Figure 10). From another angle, Planck's law gives the relation Bl (T)jB2 (T)
for radiations emitted by a body at two wavelengths Al and ,12, as a function of temperature. The coincidence
of these two laws is characteristic of clear column radiances and consequently gives us an unambiguous value
for the ground temperature.
The second step is similar: for the reason already given, there is a linear relation between a monochromatic
radiance measured in the 15 J.lm band, for instance, and the corresponding radiance measured in the transparence
window. When the surface temperature and the corresponding radiation in the transparence window are
known, linear extrapolation will give the corresponding 15 J.lm clear column radiance. Figure 11 gives an
example of a temperature profile inferred from infra-red radiance measurements (ITPR) and microwave
radiances (NEMS) with a 66 per cent cloud coverage in the middle of the troposphere.

Quality of space soundings

Remote sounding of the temperature profile or of the concentration of water and ozone is a technique
in evolution; after all, the first demonstration in space flight dates from only four years ago (NIMBus-3, 1969).
For this method to be operational in 1972 is simply another proof of the tremendous acceleration in technical
progress. There is still plenty of room for improvements in instrumentation, as already foreshadowed by the
results with NIMBus-5 (Table IV) and substantial improvement can be expected in "fine tuning" in the automatic
processing of the raw measurements with more refined molecular band models, making the maximum use of
space diversity and wavelength diversity in observation, etc. The typical features of this new system of observation can already be discerned.
The first point is that it is a global system. Not merely does it present us with global coverage every 12 hours
from a single polar-orbiting satellite; all the measuring is done with the same instrument, which means, under
the best possible conditions for determining horizontal gradients with a minimum of random error such as
might occur from point measurement by a number of different sondes.
Secondly, the system gives us as a normal result an estimation ofthe average vertical atmospheric structure,
derived from a great number of samples taken over a field 200 by 400 km and with a vertical integration (transfer
equation) equivalent to a fairly pronounced vertical smoothing. The system is therefore par excellence adapted
to providing initial thermodynamic data compatible with the space resolution of numerical forecasting models
of the general circulation. This parallelism of the means of observation with the method of forecasting is so
striking, and the density and homogeneity of the data from space soundings so invaluable that there can be
no doubt: this method of observation is destined to be the vital source of data to update numerical forecasts
of the general situation. It must be admitted that space soundings are not synoptic (i.e. simultaneous): the
observations are taken in different places and at different times. That is something we have to accommodate
ourselves to, using the new four-dimensional analyses for the necessary interpolations in time and space. This
question will be dealt with briefly in the next section.
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Atmospheric temperature profiles obtained by infra-red (ITPR) and microwave (NEMS) radiometry from satellite
NIMBUS-5, compared with conventional radiosonde products

Thirdly, there is no reason why space soundings should not become as precise as the results from radiosondes - more so at stratospheric altitudes - to determine the smoothed vertical structure of the atmosphere:
temperature ± 1°C, relative humidity ±20 per cent. However, this purely radiometric determination and the
complementary process of mathematical conversion are basically ineffective to detect minor irregularities or
inversions in the vertical stratification, especially near the ground. As these inversions may be of decisive
importance in local weather and mesoscale phenomena, it is clear that space soundings cannot be a substitute
for in situ thermodynamic measurements, especially in the lower layers.
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Progress in instrumentation

A representative but far from exhaustive selection of instruments already operational or being developed
for in-flight use is given in Table IV. It will be noticed that between the first trial on a space vehicle (SIRS,
NIMBUS-3) and operational service of an instrument of equivalent performance only three years elapsed (VTPR,
ITos-4). There will most probably be further developments in technical options, especially through improvements in microwave amplifiers and detectors. Up to now, millimetric radiometers are bulky and require
considerable power and, for that reason, development has concentrated on infra-red radiometers, in spite of
the disadvantage of their being more affected by the presence of cloud or aerosols. This contamination has
to be eliminated by the space diversity method, comparing a large number of samples obtained by fairly rapid
scanning perpendicularly to the satellite's trajectory, and spectral diversity, by using a greater number of spectral
intervals in the transparence windows around 3.7 and 11 J!m.
Wideband microwave radiometry, on the other hand, is a much more advanced and better-known technique. It offers the prospect of obtaining on a planetary scale detailed information on surface characteristics
such as soil humidity, thickness of pack ice and the surface condition of the seas (Nordberg, 1971; Basharinov
and Shutko, 1971).
Measurement of vertically upwelling radiation (observation at the nadir) is not very well suited to the
detection of minor components such as ozone, still more methane, nitrogen oxides, etc. A much more sensitive
technique would consist in selecting a line of sight tangential to the horizon, to increase both the vertical
resolution and the breadth of the air column traversed. These developments are the first steps towards global
surveillance of the composition and pollution ofthe atmosphere by space vehicles (COSPAR Working Group VI,
1972). A more detailed updating of the position and an extensive bibliography on radiometric techniques in
general will be found in Smith's article (1972).
Assimilation of space observations
It is clear that space observations and the space-vehicle communication and data-collection methods are

ideally adapted to producing the basic data to initialize numerical forecasting of the general atmospheric circulation of the Earth. A very substantial proportion of these data come from sun-synchronous polar-orbiting
satellites overflying the whole surface of the globe in 12 hours, so that their observations are spread over that
period, and not simultaneous (synoptic), like those from the world network of meteorological stations. Is
this an insurmountable difficulty?
It seems not: the unanimous opinion of the experts (GARP, 1973), based on an already vast mass of
convergent numerical findings, is that the non-synoptic data are fully equivalent to synoptic data for the specific

purpose of initializing numerical forecasting with a general circulation model. There is really nothing surprising
in this view: after all, the procedures for initialization at present in use are hardly the same as "starting from
cold" on the basis of a single series of synoptic observations covering as much of the planetary atmosphere
as possible. In fact, the data from the world network taken at a synoptic hour are far from being everywhere
sufficiently dense to determine unambiguously significant movement at every scale to forecast the general
circulation. The new mass of data will be used for updating - for partially correcting the conditions calculated
by the forec lsting model on the basis of all the data received 12, 24, 36, etc. hours earlier. The present initializing
technique of numerical forecasting is already a four-dimensional assimilation process, with extensive timespace interpolation - with, of course, a very special time spread in the observations: a great deal of information
for the synoptic hours and practically nothing in between. The only difference the satellites make is that the
observations are more regularly distributed over the time scale, and experience shows that this is of advantage
in reducing the initialization shock from suddenly introducing heterogeneous data into the dynamic system
of a general circulation model.
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We can go a little farther in the physical interpretation of these processes in remarking that a model of
the general circulation is by definition a dynamical system similar to but much simpler than the planetary
atmosphere itself. Initializing a forecast means stimulating a response from the model after setting various
parameters (pressure, temperature, horizontal wind speed, etc.) from the values observed or estimated in the
atmosphere by various means. If all has gone well, the response from the model will be very close to the actual
atmospheric movement - a quasi-geostrophic flow mostly free from inertia-gravity waves. Unless great care
is taken, however, the model response will usually contain an altogether excessive incidence of waveS propagating in all directions and invariably spoiling the analogy with the real atmosphere. This is the initialization
shock which may show itself during the first 12 or 24 hours simulated time, while waiting for the waves to
disperse. The process of assimilating the data consists precisely in accelerating (or rendering unnecessary)
the natural process of wave dissipation:
(a) In testing the dynamic response of the general circulation model, by introducing further observations;
(b) In separating the geostrophic element in the response from the part corresponding to the waves that
one wishes to eliminate as far as possible.
The process must therefore bring in the temporal integration of the model equations over a certain lapse
of time, long enough for the various kinds of movement to develop. Four-dimensional assimilation simply
replaces this discrete process, limited in time to the proximity of synoptic moments, by a continuous assimilation
process in which the filtering of the geostrophic movements and selective smoothing of the waves is effected
in the course of integration applying to the distributed shocks, each much smaller.
A great many numerical experiments based on this principle (Kasahara, 1972, for instance) have simulated
a variety of meteorological observation systems designed for the First GARP Global Experiment and for the
World Weather Watch. These studies show that a global forecast of the atmospheric circulation can be based
on the quantitative observations which can be expected from the satellites planned for the next ten years (temperature soundings, determination of winds on the evidence of cloud movement) supplemented solely by ground
observations and, of course, a fairly large number of wind soundings in the neighbourhood of the Equator.

Conclusion
Whatever time-scale we choose for historical comparison, the period in which we now find ourselves is
distinguished by the tremendous acceleration in data communication. The more than exponential growth in
both qualitative and quantitative observations evident in this hundredth year of international meteorological
co-operation (Figure 2) is only one facet of this phenomenon of civilization. It would be unthinkable that
so vast a technical mutation should not have far-reaching consequences on the organization of the weather
forecasting system. By way of conclusion to this brief review, we may seek to divine the broad lines of this
evolution.
First, inevitably, the parts played in forecasting the general circulation of the atmosphere by conventional
and space observations respectively will have to be re-examined. The TIROS-N satellite alone will give the equivalent of a vertical profile of temperature and humidity every 12 hours for every 200 X 200 km square on the
surface of the globe, i.e. more than 20 times the amount of information supplied by the whole world upperair network today. As the general circulation of the atmosphere is a global phenomenon, even with tb( remarkable
accuracy of present-day radiosondes, no increase in their number could compensate for the thin coverage of
desert and ocean regions. It is clear that radiometric observations from space will be the principal source of
quantitative data to initialize global forecasting of the general circulation while in situ observations will conserve
a role for calibration and verification. In this perspective, the role and value of the aerological soundings
obtained with so much effort from the meteorological stations set up for this purpose alone along deserted
coasts or in the open sea will have to be re-examined. However essential today, by the end of the next ten
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years upper-air sounding in the middle of the ocean will be no more than a very modest supplement to the
mass of space observations.
From another point of view, however, the weather that affects human activities is largely a local phenomenon
and is mostly determined by particular conditions at the surface and in the lower layers of the atmosphere;
it is difficult, if not impossible, to obtain data of this kind from a satellite. As weather forecasting, even shortterm forecasting, is one of the most important tasks of meteorology, surface and lower-layer observations
are likely long to remain an indispensable tool and to merit the attention of technical specialists. Air observations in situ are obviously necessary, but above all in inhabited regions, where they can be used for detailed
short-term forecasting. And so we can visualize a differentiation of roles: in the sphere where up to now there
has been only one system to serve the purposes of both short-term regional forecasting and initialization of
large-scale forecasting, there will be two systems, the first closely linked to the biosphere, based on detailed
air observation by sondes, and the second, virtually independent of terrestrial observations, with a few notable
exceptions, however, for such purposes as determination of equatorial winds, the thermic structure of ocean
surface layers, etc.
Further ahead still, one cannot help but dream of the continuous surveillance of meteorological phenomena
over the area ten thousand kilometres or so in diameter that geostationary satellites could give us. Already
a precious tool for specialists to observe, understand and forecast mesoscale phenomena over a short term,
one can readily imagine its interest for anyone able to pick up the space pictures on his home television. What
a magnificent opportunity to recover the sense of immediacy in observing natural phenomena such as our
grandfathers still enjoyed, and what a magnificent opportunity to restore to meteorology its popular attraction
and revive it on a grand scale as the traditional topic of conversation it has always been!
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DEVELOPMENTS IN WEATHER MODIFICATION
by M. Neiburger
(University of California)

SUMMARY
In the five years since the review of the subject in WMO Technical Note No. 105, studies of weather modification have been carried out at an increased pace. Investigations have shed light on the circumstances under which
cloud seeding will augment precipitation, decrease it, 01' redistribute it. Additional evidence showing that the
influence of seeding may extend over much larger areas than the intended target has been presented.
Improved physical-dynamical models enabling the computation of probable effects of seeding in convective
and orographic clouds, hail formation, cold and warm fog, and hurricanes have been developed. In experiments
in seeding various types of situations there are indications of some success in augmenting 01' redistributing precipitation, preventing hail, dissipating fog, and temporarily reducing the strength of the strongest winds in hurricanes.
A number of investigations of inadvertent modification of weather and climate by man's activities have been
carried out, ranging from studies of urban climates to examination of global consequences of emissions from highflying aircraft.
Awareness of international ramifications of these processes and the revelation that attempts at weather modification have been used in military operations have led to moves for international agreements and participation of
international bodies in the control of weather-modification activities.

Man influences the atmosphere both intentionally and inadvertently. His activities may alter atmospheric
conditions in three ways: (1) by changing the character of the Earth's surface; (2) by adding energy to the atmosphere from artificial sources; and (3) by adding matter to it. The modification of the surface in turn has two
effects: (1) it changes the way in which solar radiation is absorbed at the ground and retransmitted to the atmosphere; and (2) it changes the frictional resistance to the wind. Artificial energy sources, principally the combustion of fossil fuels, heat the air. Matter is added by combustion and by many other industrial, agricultural and
domestic activities. All these processes have produced unintentional changes in the weather and climate, and
all of them have been proposed and tried for the purpose of modifying the weather intentionally.
The possibility of purposely influencing the weather has attracted men from earliest times. In ancient
times attempts to influence it consisted of prayers and sacrifices to placate the deities. Only during the last
century and a half have proposals or attempts having a scientific basis been made. One of the first of these
was that of lames P. Espy, an American meteorologist, who proposed in 1839 that large quantities of wood
cleared from farms be piled up and set afire to produce convective clouds and showers in moist air. Actual
experinwnts in the intentional use of fires to induce convective showers awaited the 1950s, when the late Renri
Dessens developed what he called the "meteotron".
Among the earliest attempts in this century was that of E. L. Chaffee, an American physicist, to produce
precipitation by sprinkling clouds with electrically charged sand. At about the same time B. P. Veinberg
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published an article in the U.S.S.R. on the theory of producing precipitation by this means. Recently the
possible role of electric charges and fields in the warm cloud processes has received renewed attention.
Because of the dependence on precipitation for successful harvests, for urban supplies of pure water, and,
in recent years, for hydro-electric power, precipitation has been the chief objective of weather-modification
efforts. Thus, while cloud seeding has been attempted for a variety of other purposes - fog dissipation, suppression of hail, reduction of wind force in hurricanes, and suppression of lightning ~ it is the augmentation of
precipitation that has been the main focus of investigation and experimentation from the time, in 1946, when
the possibility of artificial nucleation of ice in supercooled clouds was discovered by Vincent Schaefer. And
almost from that time there was disagreement regarding the efficacy of cloud seeding for this purpose. Spearheaded by Irving Langmuir, the Nobel Laureate physicist with whom Schaefer was working, the advocates of
"rainmaking" were convinced that seeding produces increases of precipitation. Seeding experiments in which
there appeared to be no increases or even decreases in precipitation reaching the ground were discounted or
disregarded by the enthusiasts in those early days. Only gradually has general acceptance been reached of the
thesis that seeding may produce increases, decreases, or no change in the amount of precipitation reaching
the ground, depending on circumstances. At the time this fact was pointed out in WMO Technical Note No. 105,
in 1968, there was still controversy on this point. Today, at least, it may be stated that a general consensus has
been reached.
The recognition that under some circumstances and using some seeding techniques precipitation can be
increased, whereas under other circumstances or using other procedures decreases in precipitation will occur,
has changed the emphasis of weather-modification activities. Instead of operations in which every likely cloud
or storm is seeded, research is being carried out to determine the circumstances in which each result will occur.
In some respects this research has been going on for many years. All research in cloud physics, whether
or not it is specifically directed to the weather modification problem, contributes to our understanding of the
precipitation process. If we were to achieve a complete understanding of the growth of cloud and precipitation
particles and the dynamics of the motions in clouds, we would be able to tell whether in a given situation the
natural process will produce the maximum amount of precipitation, and whether introduction of any particular
amount of artificial nuclei will lead to an increase or decrease in its amount. The theoretical and laboratory
studies of cloud physics of the past three decades have carried us at an increasing pace toward this goal, but
we still are far from attaining it.
In the field of cloud microphysics, for instance, it is now well established that condensation will produce
a small number of drops having a relatively wide dispersion of sizes when it takes place in air having a maritime
origin, but much more numerous drops with a narrower-size spectrum in continental air. For this reason
precipitation forms more readily by the warm cloud collision-coalescence process in maritime air. While the
collision efficience cutoff that was indicated by Hocking's early computations has been shown not to exist,
the efficiency for small collector drops turns out to be so slow that it appears that drops of at least 30 microns'
radius must occur before significant growth by collection takes place. This effect is reinforced by evidence
that only a small fraction of the colliding drops coalesce unless the drops bear fairly large electric charges.
It has been found that convection in continental air sometimes produces rain by the warm process, and
measurements of drop sizes in such clouds have frequently shown a bimodal distribution. To explain the development of large drops and the bimodal distribution in continental convective clouds, the roles of inhomogeneities, turbulence, and entrainment have been examined. While these studies have not enabled a definitive
explanation, they have shed light on the entrainment process. It has been shown that the simple parameterizationof entrainment that is used in most of the one-dimensional numerical models of convective cloud is not
valid.
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While the mechanism for the occurrence of warm-cloud precipitation is not completely understood, the
basic condition for it is well known. If it can be determined that condensation will not produce sufficiently
large drops naturally, the introduction of water spray or "giant" hygroscopic nuclei will initiate precipitation
that would otherwise not occur. The ability to recognize the inadequacy of natural condensation requires
further development of the theory and the availability of observations of condensation nucleus and drop-size
distributions.
In the case of supercooled clouds there has been a considerable clarification of the behaviour of the nuclei,
but question still remains as to whether they act principally as contact nuclei which initiate the freezing of drops
or as sublimation nuclei. More significantly, the process of ice-crystal multiplication remains a mystery. It has
been found that the number of ice crystals in clouds frequently exceeds by factors as large as 104 the number
of ice nuclei effective at the cloud temperature. Until the process by which these large numbers of ice crystals
are produced is understood, the question whether the addition of artificial nuclei is required to maximize the
efficiency of the precipitation process cannot be answered.
These examples show that while advances in the physics of the precipitation process have continued to be
made neither theory nor measurement is adequate to enable prediction of the amount of precipitation that
would occur naturally and with artificial seeding.
On the other hand, a complete theory is not necessary before practical applications can be made. Man
did not have to understand fully the process of combustion before he was able to use fire for cooking and for
warmth. He did, however, discover that under some circumstances fire produced undesirable effects, such as
scorching his food and burning his skin, and he had to learn how to determine and avoid these circumstances.
The attempt to discriminate between those circumstances under which precipitation is increased by seeding
and those in which it is decreased may similarly be approached by empirical means. These experiments will in
some ways resemble the procedures of operational cloud seeding to produce rain. However, field operations
that are designed to determine the conditions under which particular effects of cloud seeding occur will differ
from those that have as their sole objective augmentation of precipitation. To enable the determination of
the conditions that produce particular effects they must include appropriate measurements to identify the conditions and to determine the effects. The conditions to be measured may include temperature and humidity
at various heights, both upwind of the clouds and within them, condensation and ice-nucleus content of the
air entering the clouds, wind shear, and perhaps even such factors as vertical velocity, divergence and vorticity.
To measure the effects it is necessary to estimate how much precipitation would have occurred in the absence
of seeding. The need for such estimates has led to new developments in statistical analysis of weather-modification experiments.
Field experiments involving cloud seeding for research purposes, like other cloud physics research, have
been carried out at various times during the past twenty-five years. These have illuminated one or another
aspect of the problem. Only the more recent ones have been conducted with enough systematic measurements
to give some definitive results about the conditions that are associated with cloud-seeding effects.
Perhaps the clearest example of field experiments that have elucidated the conditions associated with seeding effects is the case of orographic precipitation. Already in 1949 Bergeron concluded that, of the cloud systems that continuously produce condensation by lifting, certain orographic systems with top temperatures in
the range O°C to -lOOC would be the most favourable for substantial increases in precipitation. He considered
that there would he enough natural ice nuclei effective at temperatures lower than -lOoe for optimum. precipitation development, and that convective and frontal clouds reach the -lOoe level rapidly.
Through the years evidence has been presented to substantiate Bergeron's expectation that seeding orographic clouds would produce increases in precipitation, but most of it was challenged as lacking statistical
validity. Thus in 1957 the President's Advisory Committee on Weather Control reported that statistical studies
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of commercial operations on winter storms over the mountains of the western United States indicated a high
probability that seeding had produced an average precipitation increase of 10 to 15 per cent, and in 1966 the
Committee on Atmospheric Sciences of the National Academy of Sciences (U.S.A.) carried out an analysis
that supported this conclusion. Both reports were met by heated challenges by statisticians, since they were
not based on randomized experiments that would permit valid estimates of the probability that the observed
precipitation amounts could have occurred naturally.
In recent years a number of randomized experiments in mountainous regions have been conducted. Most
of them have not been analysed from the standpoint of the associated physical measurements, so that at most
they can give evidence whether or not the conditions used to decide that the situation was suitable for inclusion
in the experiment favoured situations in which seeding would produce an increase over those that would produce
a decrease.
An experiment that more or less explicitly tested Bergeron's ideas was conducted in the vicinity of Climax,
Colorado, in the winters of the years 1960-1970. In this region the winter storms cause flow eastward over a
ridge. Actually, the hypothesis under which the experiment was designed is based on a theory Ludlam presented in 1955, in which the rate of production of condensed water by orographic lifting and of removal by ice
nuclei, assuming a representative natural ice-nucleus spectrum, are compared. It turns out, in applying this
theory to the Colorado case, that the natural nuclei produce optimum precipitation efficiency only for temperatures below -20°C, rather than -10°C as Bergeron postulated.
The data were grouped according to 500 mb temperature, representative of the temperature of the cloud
top, and also according to the 700 mb equivalent potential temperature, representative of the saturation
adiabatic process curve through the cloud. The results show that for clouds with tops at temperatures higher
than -20°C seeded storm days had about 75 per cent more precipitation than unseeded days, but for cloud-top
temperatures less than -26°C the precipitation on seeded days was less than on unseeded days. Similar results
applied for 700 equivalent potential temperatures greater than 306°K and less than 295°K. For the temperatures between these ranges the precipitation was about the same on seeded and unseeded days. On the basis
of the frequency that the various temperature ranges occur in a winter season with normal precipitation, it
was estimated that by seeding all situations with favourable temperatures and none for which the temperature
is too low there would be an increase in snowfall of 16 per cent, amounting to 2.31 inches of equivalent water.
Other randomized experiments have also indicated that seeding winter storms in mountainous regions
could produce precipitation increases. For example, in Tasmania an experiment was conducted from 1964
to 1970 to see whether seeding with silver iodide smoke from an airplane could increase precipitation in a hydroelectric catchment basin. The duration of the experiment was divided into pairs of periods, during one or the
other of which the clouds were seeded on a random basis. The result showed an increase of approximately
20 per cent in autumn and winter, at a high level of significance. A ten per cent decrease in summer was indicated,
but the level of significance was so low that it is likely that it was due to chance fluctuations in the weather.
The analysis of physical factors, such as cloud temperature, has not yet been reported.
Until the introduction of numerical modelling of the dynamic effects of seeding convective clouds, field
experiments, even when randomized, gave little information about the conditions under which seeding cumulus
clouds would augment precipitation. Thus in Project Whitetop, a carefully designed randomized programme
conducted over a circle 100 km in radius in the central United States during the summers of 1960 to 1964, the
precipitation on days on which seeding took place was over 25 per cent less than on unseeded days, but the
reason for the apparent decrease is uncertain. The seeding was done with silver iodide smoke released from
airplanes flying along a line upwind of the target area at levels near the cloud base. In-cloud and radar observations indicated on the one hand that the precipitation frequently was initiated by the collision-coalescence process
before the clouds reached levels where the temperature was sufficiently low for ice nucleation to play a role, and

REVIEW OF THE SCIENCE OF METEOROLOGY

83

on the other hand unexpectedly large concentrations of ice crystals and snow pellets at relatively high temperatures (-5°C to -100C) on unseeded days. Stratification by wind direction suggested that the negative effect
was confined to days with southerly winds, and a positive effect was indicated for days with winds from the west
through north. Counts of ice nuclei were especially high on days with southerly winds, suggesting that the
negative effect may have been due to overseeding.
Other field experiments, particularly those in which seeding of individual cumulus clouds was carried out,
gave positive results. For example, in Australia in 1964 a randomized experiment was carried out in which
isolated clouds which met certain specifications, including top temperatures lower than -lOoC, were selected
and seeded or not on the basis of random numbers. The rain falling from the clouds was measured by means
of a foil impactor. It was found that the rain from the seeded clouds was much greater than from the unseeded
clouds, with a high probability that the difference was not due to chance. In experiments in Israel and in
California bands of convective clouds associated with winter storms were seeded on a random basis. In the
Israeli experiment a cross-over design was used, in which one or the other of two target areas separated by a
buffer zone was randomly designated for seeding. On the average, for the six years of the experiment the rainfall
was 15 per cent greater with seeding than without, at a high level of significance. The experiment was accompanied and followed by extensive cloud-physical observations and analysis that resulted in the conclusion that
cumulus clouds in Israel are of continental character and sufficiently deficient in ice nuclei to make overseeding
highly improbable.
In the California experiments the individual convective bands, which take between 30 minutes and 90 minutes
to pass a station, were taken as observational units. The approach of the convective bands was determined by
use of a radar, and they were seeded on a random basis using pyrotechnic devices emitting 400 grammes of
almost pure silver iodide. In the three winters 1967 to 1970 a total of 85 convective bands were selected, 43 of
which were seeded. The precipitation in an area downwind of the seeding site was more than 50 per cent greater
for the seeded bands than for the unseeded. The data were stratified according to the 500 mb temperature.
For the highest temperature group (-12.8°C to -17.5°C) the effect was greatest, with some stations showing
up to four times as much precipitation for seeded bands as for unseeded. The physical basis for this effect
could not be determined, because cloud-physical measurements were not made, but its magnitude suggests that
dynamic changes were involved.
That seeding might produce dynamic effects as well as microphysical ones has long been recognized, and
it has also been recognized that the influence on the vertical motion might have a greater effect than the influence
on the precipitation efficiency. By the latter term is meant the ratio of the water precipitated to that condensed.
Since the amount of condensed water (liquid or solid) in a cloud at any time is relatively small, it is clear that
for any considerable amount of precipitation to fall the liquid or solid water in the cloud must constantly be
renewed. In other words, there must be a continuous cloud-forming process going on while the precipitation
is falling. It is this fact that leads to the selection, for precipitation-augmentation experiments, of situations
in which precipitation is likely to occur naturally. The change in precipitation due to seeding could be a change
in precipitation efficiency, or it could be a change in the cloud-forming vertical motion.
In cumulus clouds the vertical motion is caused by buoyant forces due to the difference between the temperature inside the cloud and the ambient temperature. If seeding causes transformation of the cloud from liquid
to ice, the release of the latent heat of fusion will increase the upward buoyancy and correspondingly the rate
at which vapollr condellses in the cloud. It is this possibility that is the basis for the use of convective cloud
fllodels to select situations that are suitable for precipitation augmentation by seeding with ice nuclei.
The models used are simple one-dimensional versions in which the microphysical processes are parameterized. Two- and three-dimensional models and models that have more realistic cloud physics have been
attempted, but so far they, too, involve simplifications that render them less suitable for estimating seeding
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effects than the one-dimensional models. In the one-dimensional models entrainment is assumed to vary
inversely with the cloud radius, an assumption based on laboratory experiments that does not appear consistent
with observations of the distribution of drop sizes and liquid content measured in clouds. Nevertheless in
tests in several areas the models have provided estimates of the amount of growth of cloud due to seeding that
corresponded well to the observed changes in height of cloud top, as well as indications of the amount of rain
produced by the clouds with and without seeding.
In connexion with the evaluation of precipitation augmentation experiments, evidence has been found
that seeding effects are produced at moderately large distances from the seeding operation, and not only downwind of the target, but also to the sides and upwind of it. These effects are found to be positive or negative,
and the same or opposite to that at the target. Though downwind effects as far as 200 km beyond the target
may seem surprising, the fact that the seeding agent could be carried that far in a few hours, and that the disturbance to the flow induced over the target by seeding could propagate downwind in an even shorter time,
renders it plausible. The possibility of upwind effects seems more startling, although dynamic disturbances
can be propagated into the wind. If such effects are real, the advantage of a cross-over design in randomized
experiments is reduced or eliminated.
Turning now to a brief discussion of other aspects of weather modification, the dissipation of supercooled
fog (fog consisting ofliquid drops at temperatures below O°e) has been placed on a firm operational basis. The
seeding is carried out by dry ice either dropped from planes or ejected from apparatus on the ground, or by the
emission of liquid propane from dispensers on the ground. Fog dispersal by these procedures has been reported
to be routinely carried out at about 15 of the largest airports in the Soviet Union, at an approximately equal
number of airports in the United States, and at Orly Airport, Paris. The systems are reported to be better
than 80 per cent effective, making possible many aircraft arrivals and departures at a very low cost.
Warm fog is a more serious hazard than supercooled fog, for at most of the busy airports of the world a
larger portion of the hours of low visibility occurs at temperatures above O°C, and it does not have an innate
instability. Beginning in the 1930s, the use of hygroscopic substances to improve the visibility in fog has been
tried on an experimental basis. These attempts have continued, with lithium hydroxide, ammonium nitrate,
sodium chloride, and urea among the chemicals that have been used. Most of them are toxic and corrosive,
and thus unsuitable for general use. Encapsulated urea is the best safe hygroscopic material available. Its use
can be effective in some situations, but would be prohibitively expensive.
The oldest and most successful method of dissipating warm fog is by heating. Sufficient heat is required
to evaporate the fog drops and raise the air temperature enough to bring the air below saturation. In the late
1930s and during World War II oil-burning thermal fog-dissipation systems, called FIDO, were installed and
operated at a number of airfields in England. Currently interest has been renewed in this method, and a system
using jet engines to heat the air has been installed and put into use at Orly Airport, Paris.
Experiments aimed at dissipating convective clouds have been conducted recently in the U.S.S.R. by
Gayvoronskiy and his associates. For this purpose large amounts of a coarsely dispersed aerosol of an insoluble
substance, such as cement, were dropped into growing cumulus congestus clouds up to 6 km in thickness.
Not influencing the phase of the cloud and thereby the release of latent heat, the expectation was that the introduction of material falling with velocities exceeding those of the ascending air current would induce downward
motion of the air and dissipation of the cloud. With hydrophilic powders dispersed at the rate of one kg m- 3
into the central apex of the clouds, they invariably decayed. However, when hygroscopic powders were used
the clouds continued to grow unless the rate of dispersion of powder was more than doubled, and when hydrophilic powders were dispersed at the periphery of the clouds there was no effect.
The possibility of using these powders to destroy cumulonimbus clouds and thunderstorms was tested.
In 54 out of 55 experiments the cumulonimbus cloud stopped growing after seeding with large amounts of
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coarsely dispersed Portland cement, and gradually began to subside and break up, without significant precipitation. It was reported that comparison with seeding by silver iodide and dry ice showed that clouds are
destroyed faster by seeding with insoluble aerosols.
However, if the purpose is to prevent formation of damaging hail without decreasing the amount of precipitation, the use of ice-nucleating agents still seems the more promising approach.
The prevention of crop damage by hail was the objective of weather modification attempts long before
any scientific basis for it existed. For many years cannon, guns and rockets have been fired into thunderstorms
in France, Italy, and Switzerland. In recent years theories attempting to show reasons why the anti-hail rockets
might be effective have been proposed. Lacking an acceptable theory or a systematic experimental test showing
them to be effective, the scientific community remains sceptical about them, although farmers continue to
believe in them.
The possibility that seeding with dry ice or silver iodide in an appropriate fashion would suppress hail
formation appears on the face of it to be plausible, since the growth of the hailstones would be prevented if
the supercooled cloud were transformed to ice. Field tests were carried out in several countries, but only in
France and in the Soviet Union have experimenters claimed success. In France ground-based silver iodide
generators are used. In the Soviet Union rockets or artillery shells directed by radar are fired into the part of
the cloud where large amounts of liquid water accumulate.
The protection against hail in the U.S.S.R. was considered so successful that through the years the territory
protected has been expanded until now it exceeds 3.5 million hectares. However, since neither the French nor
the Soviet programmes included randomized tests, the validity of the claims to success are open to question.
Stimulated by the apparent success of the Soviet programmes, a large-scale National Hail Research Experiment has been launched in the United States. This programme has as its aim: (1) to gain an increased understanding, by observation and analysis, of the dynamics and microphysics of the severe convective storms that
produce damaging hail; and (2) to develop a method for suppressing the occurrence of damaging hail. The
experiment will attempt to check the hypothesis on which the Soviet methods are based, and to develop valid
statistical tests of the efficacy of whatever suppression methods are undertaken.
Intense tropical storms - hurricanes, typhoons, and Bay of Bengal cyclones - are the most severe of all
weather phenomena in terms of hazard to life and property. If their severity could be reduced even by a small
fraction, great benefits might result. The first attempt to modify a hurricane was carried out in 1947 by Langmuir
and his associates at the General Electric Research Laboratories. Mter seeding with dry ice, the storm changed
its course abruptly. Langmuir attributed the change to the seeding, but analysis showed that the change in
direction was not unusual, and corresponded quite well to the indication of the general synoptic situation.
A systematic approach to the modification of hurricanes has been carried out since 1961 under Project Stormfury,
operated jointly by the U.S. National Oceanic and Atmospheric Administration and the D.S. Naval Weather
Service Command. Hurricanes that have been seeded include "Esther" in 1961, "Beulah" in 1963, "Debbie"
in 1969 and "Ginger" in 1971. The general hypothesis being tested is that the release of latent heat by massive
ice-nucleus seeding on one or the other side of the zone of maximum winds will cause decreases in the pressure
gradient and a corresponding decrease in the strength of the winds. While changes in some of these hurricanes
occurred after seeding, the magnitudes were within the range of natural variability and there is no assurance
that the seeding was responsible. However, the fact that the winds decreased, rather than increased, is regarded
as encouraging.
In addition to intentional attempts at weather modification it is well known that human activities affect
the weather and climate. In early times, when man subsisted by hunting other animals and collecting seeds
and berries, the effects were minimum. With the beginning of agriculture, some ten thousand years ago, the
effects became more extensive both because of the substitution of cultivated crops for natural fields and forests
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and because of the rapid increase in human population which it made possible. The development of towns
and cities had its own characteristic effects on their weather and climate, and the industrial revolution, which
led to further concentration of people in cities and to the increased combustion of fossil fuels, aggravated the
influence of man on the atmosphere. In the recent past there has been increasing recognition that the effect
of man's activities in modifying the terrain and emitting pollutants is adversely affecting our atmospheric environment. I cannot present here descriptions of the many studies that have been undertaken to investigate these
effects and to find ways of ameliorating them. Suffice to say that the awareness of the need for action has become
world-wide, as shown at the Stockholm conference, and WMO is participating in the actions, including in
particular the network to monitor the background concentration of pollutants.
That the inadvertent effects of weather modification have a global nature has been recognized officially
as a result of the Stockholm conference. Intentional weather modification has not yet reached a similar state of
international concern. Yet there are many ways in which modification activities in one country may have effects
that extend beyond its borders, and may even have a global impact. I have already mentioned that downwind
effects of seeding may extend 200 km or more beyond the target. Much more extensive experiments, such as
influencing the ocean circulation in order to melt the pack ice in the Arctic Ocean, have been proposed. At
present there is no body of international law, nor even bilateral agreements, that would inhibit one nation from
engaging in a modification experiment that might adversely affect the welfare of another. This situation has
been aggravated by the revelation that attempts at weather modification were used in military operations in
Indo-China. The need for international agreements and the participation of international organizations in the
regulation of weather-modification activities is clear. The action of the United States Senate in adopting a
resolution requesting the U.S. Government to seek agreement of other governments to a treaty prohibiting
weather modification as a weapon of war is a step in the right direction. It is desirable not only that the uses
of weather modification be confined to peaceful purposes, but that the interests of all nations be protected with
respect to the weather-modification activities of each. Already now, in the realm of scientific research into the
subject, there is very active international co-operation and exchange of information. WMO is prominent in
the promotion of this co-operation. It is important that this co-operation be formalized and extended to the
establishment of regulations concerning modification activities in one country that may affect others and procedures for their enforcement before the science and art reach the state where vested interests may make
agreement more difficult.
The good will among nations that has been characteristic of the exchange of weather observations and the
promotion of weather-forecasting meteorology during the 100 years since the first International Meteorological
Congress can be expected to continue in the period when weather control is added to observation and forecasting.

CONFERENCE ON ECONOMIC AND SOCIAL
BENEFITS OF METEOROLOGY

Conference Director: Mr. R. Schneider (Switzerland)

Geneva, 10 and 11 September 1973

FORMULATION OF GOVERNMENTAL SCIENTIFIC POLICY *

by O. Reverdin
(Professor of Greek at the University of Geneva,
President of the Swiss National Council for Research)

In view of the fact that WMO has invited a Greek scholar to speak on the occasion of its Centenary, that
Organization will perhaps permit him, in formulating the remarks which he has to present to you, to start
from the field with which he is most familiar. In his Doctrines, Plato observes that, if the Greeks gave a new
impetus to science, or in other words to our knowledge of man and of the world, it was because, in their
researches, they freed themselves from the criterion of utility. It is true that the Barbarian peoples discovered
and interpreted many phenomena; but they always had immediate applications in mind. The Babylonians
studied heavenly bodies in order to fix the calendar more accurately; the Egyptians made demands on geometry
in the form of rules to enable the land to be divided up after the flooding of the Nile.
This opinion is open to discussion and, moreover, as I shall have occasion to explain, is less explicit in
the writings of Plato; nevertheless it clearly follows from what he wrote.
Here, stated by Plato, is the problem of the aims motivating science. It must, in fact, be recognized that
the Greeks, in freeing their researches from the constraints imposed by considering only that which is useful,
imported to science a new impetus which, renewed during the Renaissance, is still carrying us along today.
This largely explains the dynamic qualities of western civilization.
We owe much to the Greeks. The word "meteorology" itself appears for the first time in the writings
of Plato in Phaedra (270 a). The context is somewhat curious and is worthy of analysis. Even before Plato,
Hippocrates wrote at the end of the fifth century RC., in his treatise on Airs, Waters and Places: "Any person
who intends to practise medicine advisedly will do as follows: he will first consider the seasons of the year and
the effects of each ... he will then study the winds, warm and cold winds, those which blow everywhere and
also local winds. He should also enquire about the nature of the water. When a doctor arrives in a town which
he does not know, the first thing he will do is observe the situation and the manner in which it is exposed to
the winds."
This seems to contradict Plato: Hippocrates in fact requires a knowledge of the climate and meteorological
phenomena for practical medical reasons. But there is really no contradiction: there is only use, in order to
practise medicine in the best way, of knowledge acquired for its own sake. The manner in which Aristotle sets
out his knowledge in Meteorologica shows clearly that it depends on basic science and that it has been acquired
independently of any useful purpose. This in no way means that making practical use of knowledge is to be
condemned.
In this summary, I think I have said enough about the Greeks. They have taught us that, in research,
two phases should be distinguished: the first consists of acquiring knowledge, with no preconceived ideas, by
observation and by reasoned deduction; the second consists of seeing how this knowledge can be applied in a
practical way.

* This text comprises an extended summary of the originallecture.
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In our modern States there is sometimes a tendency to consider mainly the second phase. In order to meet
requirements or satisfy ambitions they insist on research being directed towards well-defined purposes: social
and economic progress, development of the country, particularly cities, power supplies, education, public health,
military techniques.
It appears to me that the lesson to be learnt from the Greeks is worthy of some thought. Is not the primary
task of any society to promote general and basic research and to train scientists who would be capable of acquiring further knowledge? It is this which determines the scientific level of a country, or indeed, of a civilization.

Next comes the encouragement of specific research directed towards the immediate requirements of society.
There is really no sharp line of demarcation, but it is clear that for basic research it is essential that the scientist
should enjoy a high degree of intellectual and spiritual liberty, a climate ofliberty similar to that which stimulates
artistic creativeness. At this level there can be no question of profitability. It is essential to consider this latter
aspect as soon as research is directed towards practical applications.
This seems to me to be the argument for research being encouraged by the State. The State should be
responsible for the infrastructure for basic research, taking care that conditions are such as to allow creative
advances to take place in a climate of complete intellectual and spiritual liberty. On the other hand it should
support research aimed at finding solutions to practical problems, in so far as it is intended to meet the essential
needs of society. Lastly, the State should be aware that the two fields are inter-dependent. Whence, we may
deduce that the encouragement of scientific research is almost an art; that it is one of the elements of politics
which, in fact, the Greeks, or at least Socrates, considered as the art par excellence, the royal art.
I have mentioned the word "politics". Politics is concerned with Society, and hence with man living in
a society. In its efforts to give encouragement, the State would do well to remember that if a knowledge of the
universe, which the Greeks called the macrocosm, is essential, a knowledge of man, which they call the microcosm, is no less so. Who is this "man" to whom science has given such power? In order to find the answer
to this question, he, too, must become the object of research, having recourse to psychology needless to say,
but also studying his activities down through history, in literature and in the arts, which over the centuries
have enabled him to express his inner feelings.

WORLD WEATHER WATCH: ITS IMPACT ON ECONOMlC
AND SOCIAL DEVELOPMENT
by V. A. Bugaev
(Hydrometeorological Service of the U.S.S.R.)

SUMMARY
The World Weather Watch (WWW) wasfirst conceived in 1962. The Fourth World Meteorological Congress
(Geneva, 1963) approved the idea of setting up the WWW as a system, consisting of the co-ordinated national
technical facilities services, for providing meteorological assistance to WMO Member States with the support
of the international organizations.
In accordance with this idea, the WWW was built up in such a way as to ensure that any country could receive
meteorological information on any scale - even a global scale -for making forecasts and taking precautions
important for its economic life. Through the WWW this traditional task took on a new dimension in so far as
observation and the collection and processing of data are being carried out on an entirely new technological basis
in which centralization has replaced the duplication of routine procedures in each forecasting unit, resulting in an
enormous acceleration of the work processes involved. At the same time, modern automation techniques and the
use of computers have substituted highly productive for unskilled labour, ensuring improved and economically
more efficient methods offorecasting.
Thus the WWWis not only more in harmony with the spirit ofinternational scientific and technical co-operation
measures, but constitutes a collective international endeavour to develop the meteorological services in all countries
up to the contemporary level. By its means, the Meteorological Services of the developing countries .are receiving
a powerful stimulus in their work which, in the last analysis, is aimed at promoting economic development. Through
the WWW and the training of new qualified workers, the rich experience of the Meteorological Services of the
developed .countries is being transferred to other countries, thus contributing to their social and economic development.
In its way, the WWW is a child of the space age and will continue to progress under the sign of the satellite.
The development of space science has made it possible to organize the Global Atmospheric Research Programme
(GARP) designed to develop methods for the long-term forecasting of weather and climatic fluctuations. Forecasts of that type are particularly valuable for the planning of economic measures on a nation-wide scale.
A new international programme should be established within the WWW system for developing refined methods
of deriving economic advantage from weather and hydrological forecasts in various branches of production and
economic activity.

The Fourth Congress of the World Meteorological Organization, held in Geneva in 1963, approved the
concept of creating a World Weather Watch. A project for such a service was already in existence at the time.
WWW was envisaged as a meteorological system to consist of co-ordinated technical services and facilities
provided by WMO Members as part of their support for the international organizations.
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The Fifth Congress ofWMO (Geneva, 1967) adopted a programme for the development ofWWW, which
officially came into operation as from 1 January 1968. In the ensuing years specific planning and carrying out
work under this programme came to form part of WMO's day-to-day activities. But the WWW really dates
back much earlier to 1962 when the WMO Executive Committee adopted the WMO First report on the advancement of atmospheric sciences and their application in the light of developments in outer space. It was this document which laid the foundations of WWW.
The activities of WMO, previously directed at ensuring that the national Meteorological Services would
be able to fulfill their functions on a regular and continuous basis, began to undergo momentous changes associated with the implementation of the concept of a World Weather Watch. It was necessary to set up World
and Regional Meteorological Centres, to change the system for the collection and processing of observational
data by using electronic computers, and to extend the system for observations to include space equipment so
as to ensure a global weather coverage, etc. A glance at the hundred-year-old history of national Meteorological Services will reveal that these Services have always endeavoured, to the extent of their technical, methodological and other capabilities, to satisfy requirements within a national framework. Some did this at a more
up-to-date level, others had fewer facilities at their disposal. The social purpose of WWW is to raise all national
Meteorological Services to the level of the highest world standards, to assist this raising of standards by material
means, to train personnel and to provide technical equipment. This is done for the benefit of all mankind, for
in an era of great social communicability, with well-developed networks of airlines, with the growth of other
forms of transport, with expanding tourism and trade and, in the future, in the interests of closer inter-State
economic planning also, it is necessary to have a well-organized weather service in all parts of the world. Such
a service is also needed in order to solve a new problem: the study of man-induced changes in the environment.
More than ten years have elapsed since the Members and Secretariat of WMO began to set up the WWW
system. After such a period, an attempt can be made to assess the impact of WWW on economic and social
development. A major international undertaking such as WWW cannot, of course, develop unilaterally or
serve a narrowly defined purpose. On the contrary, it represents a complex assembly of different activities and
objectives, all united by a single dominant purpose. As Dr. D. A. Davies, the Secretary-General of WMO,
has said (7) *: "Many atmospheric processes are intimately, indeed inextricably, related to processes and
phenomena the study of which falls within the compass of other geophysical disciplines - notably hydrology
and oceanography. The WMO has therefore certain responsibilities in these fields also, and as a result its
interest in the human environment is somewhat wider than its title may suggest." The same can be said of the
World Weather Watch. Its tasks have proved to be considerably wider than its title suggests. This multiplicity
of purposes should be taken into consideration when assessing the economic and social significance of WWW.
The world is undergoing profound social changes intimately related to the new potentialities of economic
development and to the scientific and technological revolution. The essence of the scientific and technological
revolution of our time cannot be reduced to individual scientific or technical discoveries, however important,
nor to certain trends in technological progress. The scientific and technological revolution implies the reconstruction of the entire technological infrastructure, of the whole technology of production, and of the existing forms
of organization and control. As Academician P. L. Kapitsa has said: "In our age, a whole series of problems
can no longer be solved on the scale of a single country; they require solution on the scale of the entire planet" •
It is in this context, of course, that the scientific and technological revolution is reflected in the structure and
working methods of WWW. In essence, the very idea of a World Weather Watch was first conceived as a child
of the space age, and there can be no doubt that the future development of WWW will continue to advance
under the banner of technological progress.

*

See bibliography on page 100.
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For all the above-mentioned reasons, the distinctive feature of WWW is the fact that it is not only a major
international undertaking but also an expression of international concern for the development of Meteorological Services in all countries at an up-to-date scientific and technological level. In this connexion, it is sufficient, by way of example, to refer to the WMO Voluntary Assistance Programme.
What, generally speaking, do we regard as the functions of a weather service? It consists in obtaining
information about the current state of the weather, which helps us to devise a strategy of production - or,
more broadly, of economic action; and in obtaining reliable weather forecasts. These will, in future, be joined
by the basis for artificial weather modification, with all the preliminary measures which that implies. But as
the practical means for weather modification are still limited, we attach great importance to warnings of dangerous natural phenomena of various kinds, which make it possible to save human lives and property valued
at thousands of millions of monetary units a year, or even of millions of millions if we include all the countries
in the world.
Hence the ultimate purpose of WWW: to create a system which will supply every country with information
about the weather and issue warnings and forecasts to be used for economic ends. The underlying idea is as
old as the world itself, but the means are new because the reception and collection of information is on a completely new technological basis calling for close international interaction and co-operation. Monotonous,
routine work with all the duplication of effort it entails has to be replaced by centralized operations, and lowskilled labour by modern, highly automated techniques which alone can ensure the use of better and more
successful methods of forecasting.
The benefits of these changes do not as yet lend themselves to exact economic evaluations; all we tend to
see are the costs of modernizing the weather service, the setting up of new WWW centres and new channels of
communication and the launching of new satellites - and, from time to time, we hear of the enormous losses
caused by natural disasters. Yet we should also be told of the steadily increasing economic and social effectiveness of activities carried out within the framework of WWW and by the national Meteorological Services in
general. By way of an example, let me quote the following figures: according to approximate and, of course,
by no means complete calculations, the overall benefit derived from the Hydrometeorological Service of the
U.S.S.R. in 1972 amounted to one thousand million roubles - which, as Academician E. K. Fedorov (1)
writes, "is three times the total cost of maintaining the Hydrometeorological Service throughout the country".
The potential benefit to be derived from the Hydrometeorological Service (provided that full advantage for the
national economy is taken of the most important weather warnings, information on the climatic regime, etc.) is
twice this amount.
According to information received by courtesy of Dr. J. Cressman, the economic benefit derived from
the U.S. Weather Service in 1972 under the various forms of its activities (not covering everything by a long
way) was approximately $400 000 000. In addition, an average of 2 500 lives are saved every year thanks to
warnings of dangerous weather phenomena. We shall limit ourselves to these two examples. However, the
a priori assumption has to be that such economic benefits are immeasurably smaller than the losses which occur
in various countries from time to time due to natural phenomena in the atmosphere and hydrosphere. We know
that hurricane "Agnes" alone caused losses exceeding $3000 million in the United States in June 1972 (10).
And this discrepancy will persist for a very long time, until meteorologists have learned how to control natural
phenomena; for warnings about such phenomena, however precise and however early they are given, cannot
eliminate the losses caused, but only reduce them. It may be mentioned that the prospects in hydrology, hydrotechnology and the utilization of water resources are more promising in this re_spect bec!i1tse floods andflQodillg
of various kinds or, on the other hand, insufficient runoff, can be prevented by building canals, artificial reservoirs
and protective dams.
Over the years, the Weather Service has continually improved and is still improving its methods for collecting information and for forecasting. As in every field of science and technology, progress here is assisted
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by two factors: the emergence of new techniques on the one hand, and the development of theory on the other.
In the Weather Service, notable advances have in most cases been linked with the development of new techniques. The theoretical basis for forecasting was often laid down afterwards. A few cases can,however, be
cited when theoretical research prompted or stimulated the creation of new technological methods.
Meteorological observations have been in existence for a very long time, but the Weather Service itself
came into being after the invention of wireless telegraphy•. The invention of the radiosonde ·made regular data
from the free atmosphere available for the use of the forecaster and the Weather Service made headway as a
result.
The advent of high-speed electronic computers made it possible to develop numerical methods of weather
prediction based on hydrodynamic theory; such development had been seriously hampered by the absence of
computing techniques. Today, hydrodynamic methods and increasingly powerful electronic computers offer
one of the main prospects for rapid improvement in weather forecasting. Progress in this field is still in the
rapid development phase..
Meteorological satellites have been the latest invention to lead to progress in the Weather Service in recent
years. This new means of observation has proved the most powerful of all those so far used in meteorology.
An important place is given to meteorological satellites in the WWW programmes at present being implemented under the auspices of WMO. This can readily be understood if we consider that the object of WWW
is to make available information about the weather and to issue weather forecasts for all parts of the world,
however remote and sparsely populated they may be. This naturally calls for a new technology of meteorological and aerological observation, for we simply cannot visualize any ordinary observational network which
would meet this requirement. We should add that it is not, of course, simply a matter of the satellites having
to perform the same work as that done by a network of stations. Satellites have brought with them much else
that is new and not previously available to meteorologists. Meteorological satellites are constantly being
improved, and new possibilities for WWW are continually being opened up. David S. Johnson spoke of this
in detail in his lecture presented during the twenty-fourth session of the Executive Committee to mark the tenth
anniversary of WWW (2). In particular, he emphasized that temperature soundings from satellites are being
perfected so rapidly that they will replace radiosondes except for some specialized research needs. Geostationary soundings will be obtained for highly industrialized and populated areas 24 times a day - truly a
meteorological eye in the sky! International utilization of satellite measurements can be achieved by a multinational integrated satellite system through adequate communication and computer interconnexions. Clearly,
all this can be done most conveniently within the framework of WWW.
David S. Johnson concludes his lecture with the following words:
"The space-time frequency, and the quality of satellite observations, and the integrated system aspects of the
satellite network will have brought about a reversal in the philosophy of meteorological observations. I predict
that in 1982 the philosophy will be: Satellite observations supplemented by in situ data, rather than the philosophy
of 1962, which was: Conventional obs.ervations supplemented by satellite data."
Although this may not happen as soon as in 1982, a general replacement of ordinary observations by
satellite observations will occur in the foreseeable future. This will simplify the problem of setting up national
surface observational networks of adequate overall density and with considerable resolution in space, as well as
meeting increasing demands as to resolution in time. This will be highly beneficial, especially for the developing
countries, and may be regarded as yet another aspect of the economic impact ofWWW. Preparations should
already be put in hand for the introduction and operational application of new methods of measurement taking
advantage of WWW facilities. As for the integrated system of geostationary satellites, work on the establishment
of such a system has already begun.
The question of the study of outer space by means of satellites is already on the agenda. In this connexion
it should be borne in mind that through such study the national Meteorological Services will obtain a great
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deal of useful information, e.g. on the moisture of pasture and agricultural land, the condition of cereal and
industrial crops, and much else besides.
But however much we may talk about the economic and social effectiveness of the new organization of the
Weather Service and its new operational techniques connected with the creation of WWW, the most important
thing remains the accurate prediction of hydrometeorological phenomena and the correct day-to-day utilization
of forecasts. In this respect much can be done on the basis of what already exists. But special attention should
be given to improving the reliability offorecasts. Articles by Academician E. K. Fedorov (1), Dr. R. M. White (4),
Dr. B. J. Mason (5) and others contain many interesting comments on this subject.
As an example, let us examine more closely what improving the reliability of forecasts would involve.
For this we have to consider two distinct areas: that of short-term forecasts, which are already on a firm footing,
and that of long-term forecasts, which still have to be placed on a firm footing. Let us begin with short-term
forecasts.
All meteorological forecasts may be divided into two categories: forecasts of the general nature of the weather
and forecasts for specific purposes. The former are forecasts of the synoptic situation; they predict the development of the circulation on a synoptic scale and the generalized nature of the weather resulting from that development. Such forecasts are today already being obtained by numerical hydrodynamic methods. The more
specific type of forecast is, primarily, a local forecast on a sub-synoptic scale or on a mesoscale or, if not local,
it has to meet narrowly defined requirements, e.g. predict weather conditions along a particular flight
route. The forecasts in the second category are based on forecasts of the first category, but they cannot, ·as yet,
with a few exceptions, be made by numerical methods. It may be assumed that by the end of the 1970s the
issuing of forecasts of the general nature of the weather will be fully automated in the weather services of those
countries which will by then possess a computer technology operating at speeds of several tens of millions of
operations a second with the addition of the necessary peripheral devices for the input and output of data.
It is envisaged that the entire technological sequence of preparing forecasts, from the collection of all forms of
initial data to the issuing and distribution of complete forecasts and operational information to the appropriate
customers, will be automated. The aim is to speed up the issuing of output products to the maximum possible
extent so as to minimize using out-of-date data, which is to some extent inevitable under rapidly changing
weather conditions.
WorId Meteorological Centres and many Regional Meteorological Centres using the WWW system will
ensure the distribution of forecasts to national centres and smaller units of national Services.
The economic effectiveness of such activities is obvious and has already been mentioned: the results obtained
from the latest and most modern methods offorecasting, based on all the available surface and space information
and on powerful computer technology, embracing the fruits of the work of the world's most eminent scientists,
become directly accessible to the Meteorological Service of any country, whether already developed or only
just beginning to stand on its own feet.
The same situation will naturally obtain with regard to hydrodynamic long-term weather forecasts when
the appropriate methods have been devised. The situation is different in the case of local, mesoscale forecasts
for specific purposes. Increased accuracy of forecasts now depends on the ability to deal with mesometeorological processes fluctuating around the stationary state; e.g. in the zone of quasi-stationary fronts. The principal failures in short-term forecasting do not occur because Qf an incorrect forecast of the rnacroscaie situation
- in the majority of cases such forecasts are quite acceptable -:but because of the complex development ofmesoscale processes. An illustration is provided by the unstable weather during the period 22-24 April
1973 when a meridional frontal zone was passing through Moscow. Wave disturbances were moving along
the frontal zone, and warm, sunny weather in Moscow was followed by dull, rainy weather and vice versa.
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To forecast these changes was extremely difficult. It was seen that a numerical solution of mesometeorological
problems requires (a) a dense grid of points at which computations are carried out, (b) additional local information which varies somewhat depending on the purpose of the forecast, and (c) a large number of computations,
i.e., it calls, once again, for very large automated systems and powerful electronic computers. Without going
into further detail, let me refer to J. S. Sawyer's lecture (6) which contains some interesting reflexions on this
subject. It is also clear that local forecast computations for all countrIes cannot be carried out in either world
or regional centres. The task devolves wholly on national centres and even on smaller intra~national services.
It will be readily understood that far from every country is equipped to organiie its automated system within
a short time to calculate mesometeorological processes and local forecasts. How can the WWW system help
to improve the effectiveness of this type of work? The problem requires special study, and it must be resolved.
Long-term forecasts and WWW
Many people have thought and still think that short-term forecasts are the most necessary and economically
valuable because they are based on sound methods and offer a real possibility of giving warning of the occurrence
of dangerous phenomena. Hence the main trend is to continue to develop detailed and highly accurate fqrecasts, not only for 24-hour periods, but even for a few hours ahead. Without denying the importance of shortterm forecasting, it should not be overlooked that, from the national point of view, long-term weather forecasts
are the most important because they assist in the correct planning of the country's major economic activities
(planning of agricultural operations, determining fuel reserves for the winter, assessing the conditions for building, transport, etc.).
Other types of forecast can be made on the basis of long-term weather predictions, e.g. crop forecasts,
hydrological forecasts of the volume of river runoff in the vegetation season (which serve as a basis for planning
the production of energy at hydro-electric power stations, and water utilization in general), forecasts of the
freezing and break-up of sea ice, etc. We know, however, that it is not yet possible to obtain reliable forecasts
for periods longer than three to five days by hydrodynamic methods, i.e. methods which are the most dependable
and on a physical basis. How can these periods be extended? The assumption- which gave rise to the concept of GARP - is that this major scientific problem can be solved by studying global atmospheric processes.
These are all known facts but they are mentioned here to show that the concept itself or'GARP could not have
arisen without WWW and the observational systems ofWWW. Today, however, we see that GARP in its turn
is having an effect on WWW: research carried out under GARP experimentally establishes the volume of observations needed for an accurate description of the synoptic situation over the entire world, or, in other words,
reveals what improvements have to be made in the WWW observational system, bearing in mind maximum
economy of expenditure. Thus, for example, the tasks involved in carrying out one of the GARP experiments
- the 1974 Atlantic Tropical Experiment - are at this moment largely dictating the need to extend the network
of WWW radiosonde stations in tropical areas of Africa and Latin America.
In this way, WWW -whose task is not only to ensure the operational activities of Meteorological Services, but also to improve forecasting methods and the degree of success of forecasts - has provided the stimulus
for an international attempt to solve a major scientific problem. It would be hard to find in the history of
science up to the present time another example of such joint action by scientists of many countries aimed at
solving a problem of economic importance.
Taking this opportunity to dwell a little longer on the reciprocal effects of WWW and GARP, it would
not be out of place to note that GARP has entailed considerable expense. But it has also resulted in a noticeable
intensification of technical and technological research and studies in adjacent fields. Observational techniques,
especially from space, as well as processing techniques and forecasting technology, will improve rapidly under
this influence. If we keep actively in step with scientific and technological advances, their beneficial effects will
immediately be seen in the development of national Meteorological Services.
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The economic effectiveness of ordinary weather forecasts

We have already mentioned that the economic effectiveness of forecasts is mainly in warnings of weather
phenomena causing great damage to a country's economy. This is a traditional view which goes back to a
time when the Weather Service itself was coming into being as a service to provide storm warnings to shipping.
But forecasts have something else to offer as well- namely, highly accurate predictions of non-storm conditions. Forecasts of dangerous natural phenomena are of some help in reducing possible losses and saving
lives. The importance of this cannot be overestimated. But so far as the economic aspect is concerned, there
is no doubt that the effectiveness of forecasts of ordinary or unusually favourable weather must be many times
greater, provided that a strategy of production activities is devised on the basis of such forecasts. The reason
for this is that ordinary weather conditions are highly recurrent, and this fact can be used to good purpose
even in those cases where the technology of production is calculated for normal weather conditions. Let us
take the following example:
Academician F. F. Davitaya (9) has repeatedly advanced the following idea: improvements in agricultural
technology diminish the influence of changeable weather conditions on the quality of crops; does this mean
that as time goes on there will be less and less need to take account of weather conditions in agriculture? Not
at all. If it is known in advance, and especially in the long term, what the weather conditions are going to be,
then - given that the anticipated conditions are good - the strategy as to agricultural technology (selection
of seed varieties, fixing of sowing dates, periods of cultivation, etc.) can be devised in such a way as to obtain
an additional yield. In the final analysis, this means a further expansion of agriculture and the organizing of
intensive, maximally profitable activities by means of which full use can be made of the favourable weather
conditions.
Another example is supplied by commercial aviation. Modern aircraft operations are affected less and less
by unfavourable weather conditions. But forecasts are needed when the weather is favourable too, in order to
calculate freight loads and fuel requirements, to select the best flight routes across the ocean, etc. We can cite
examples of the ways in which favourable hydrological conditions may be utilized when they are known in
advance: floating timber on minor rivers during the spring high-water period; navigation levels and their maintenance on regulated rivers, if need be by artificial means, using reservoirs; utilization of river shipping right
up to the time of freezing of the rivers, in such a way that ships can complete their scheduled trip and return
to base without becoming ice-bound en route.
Various examples can be adduced of the effective utilization of favourable weather in different fields of
industrial production with a view to obtaining additional output or to saving fuel or raw materials.
But it seems to me that this aspect has not yet seriously attracted the attention of Meteorological Services;
we do not as yet know the extent of these economic benefits but are only beginning to learn to calculate them.
It might be argued that all this is a matter for national Meteorological Services, and that the economic
effectiveness of WWW has nothing to do with the case. But that is absolutely not so. The WWW system can
supply national Meteorological Services with satellite data which relate to the condition of the environment
and which are necessary for making forecasts specifically for production. These may be the water content of
air masses, soil moisture, the ice cover on seas and rivers, pollution of the atmosphere by various substances,
the condition of pasture lands, etc.

The other aspect of WWW responsibility is the collective efforts to improve production-orientated forecasts
with a view to their specialized use for economically effective action. It would seem - indeed it is indisputable that, as is at present the case with agrometeorological forecasts, the initial data used in preparing productionorientated forecasts of the weather or of hydrological conditions will have to consist, not only of ordinary information, but also of certain specialized production data. We should organize and energetically carry out scientific
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and methodological work in this direction instead of waiting for the distant future when some kind of practice
will have established itself by trial and errOr.
It seems to me that the time has already Come when a new international programme fot the elaboration
of special recommendations and methods in connexion with the issuing of production-orientated specialized
forecasts should be instituted within the framework of WWW. If we visualize our Earth in all its grandeur and
not as being quite as small as space explorers have been sayingoflate, we shall find a great variety of conditions
of the environment and particular features of the productive and economic activity of human beings, as well
as a multiplicity of technological processes undergoing modernization. Each of these makes its own demands
on hydrometeorological information and forecasting, and we have to meet these demands in a skilled manner.
There is going to be a .need for special methods of calculating and collecting various forms of new information,
part of which will be obtained from satellites for the study of outer space.

Once we are in possession of the initial production data and of hydrometeorological forecasts of constantly
increasing accuracy, we shall be able to issue composite specialized production forecasts which will be of real
help in selecting a strategy of action in all cases.. There is no doubt that a programme of this kind of research,
aimed wholly at increasing the economic effectiveness of forecasts, will attract the attention of all members and
will receive broad financial support. It is not unreasonable to suppose that, depending on the results obtained
in implementing such an international programme, the responsibilities of Regional Meteorological Centres may
have to be extended to include disseminating particular types of specialized production forecast when these
are not of a narrow, local or exceptionally short-term nature. These may be agrometeorological recommenda~
tions of different kinds, forecasts for sea transport and fishing, forecasts of the conditions of the atmosphere in
general, forecasts of forest fire risk, forecasts for tourism, mountaineering, commerce, etc. The attention of
scientists must be drawn not only to how such forecasts should be correctly made, but also to how they should
be correctly applied in practice. Since it is fashionable nowadays to invent new abbreviated titles, let me in my
turn suggest for this programme the initials PISP (Programme of Industrially Specialized Predictions). The
work should start with the holding of a scientific conference which will define the aims and objectives of the
programme more specifically and will map out a plan for further action.

Dissemination of forecasts

A question to which attention must be given is how to derive the maximum benefit from the best forecasts
that can be made using all the advantages of WWW. The point at issue, obviously, is to make the forecasts
available on the broadest scale: the distribution should be such that weather forecasts would reach the consumer's
table, like bread, several times a day and would be accessible to him at any moment of the day or night (whereas
bread is sold only during the day). It is assumed that the consumer will use the forecast to the necessary effect
in terms of production and that the economists, together with the hydrometeorologists,will develop and point
out optimal ways of utilizing them. Apart from existing means of dissemination of forecasts, communication
satellites broadcasting directly to the consumer are about to make their appearance on the scene. It is going
to be possible to read weather bulletins directly on the television screen, like a newspaper; and, if necessary,
such bulletins can be photographed by means of a small attachment and later even duplicated.
The twenty-seventh session of the United Nations General Assembly, in 1972, began to consider the question of the "Preparation of an international convention on principles governing the use by states of artificial
Earth satellites for direct television· broadcasting". Meteorological information should· be among the first to
be included in such direct broadcasting, the more so as the language of meteorology is already fairly international and can be extended and improved still further if the task is entrusted to One of the working groups of
the WMO Commission focSpecial Applications of Meteorology and Climatology.
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Weather fluctuations and their prediction
The principal scientific aspects of WWW, expressed in the GARP international programme, hold out a
promise - in addition to performing the immediate tasks of a Weather Service - of an in-depth study of the
problems of climate formation and its possible changes.
At the eighth session of the GARP Joint Organizing Committee in March of this year, the idea was formulated that climate should be seen as the second objective of GARP. The GARP observing system, its subprogrammes such as TROPEX, MONEX, POLEX, etc., as well as carrying out the global experiment itself,
are making it possible to penetrate more deeply the physical laws of the general circulation of the atmosphere
and, consequently, the laws governing the formation of climate and its fluctuations under the influence of various
factors. By means of numerical modelling it will be possible to calculate quantitatively the role of each factor
in climate changes, whether these factors be natural or the result of man's activities (8). In connexion with the
tasks of studying the atmosphere and modifying it by natural or artificial means, fluctuations or irreversible
changes in climate must be calculated· in advance on the basis of the scientific approaches of GARP and the
observational capabilities of WWW. Incidentally, a numerical assessment can be made of various attractive
but, so far, phantasmagorical projects for artificially changing the Earth's climate. These include the construction of dams to divert ocean currents, both cold and warm, from their present courses; damming straits to bar
the entry of warm or cold water to the coastal zones of contin~nts; the melting of arctic ice; dust spraying in
the stratosphere to diminish the heat inflow from the sun so as to prevent the anticipated warming of the climate,
and other projects.
It is not iinpossible that quantitative calculations may open lip practical ways of preventing the deterioration
of the climate, or even of improving the climate. Anomalous weather chJ,nges or climate fluctuations are reflected
in the way in which a country is able to carry out its economic plans, especially in agriculture. If we speak of
a stable economy from this point of view, we must seek to reduce the unfavourable factors affecting the weather
and the climate. What means have we had for doing this up to the present? We have had various agrotechnical
techniques to protect crops at the crucial phases of developnient cif plants, in particular the use of artificial
irrigation. But irrigation cannot be extended to all places and in any event the waters of all the rivers in the
world would not suffice to provide irrigation wherever it is desirable. Help has to be sought from the atmosphere
and from the ocean interacting with the atmosphere. We return once more to the problem of artificially modifying not only the weather, but also the climate. However, in discussing these matters, we should not overlook
the fact that the solving of exceptionally important problems such as these has become a realistic proposition
only since the advent of WWW with its facilities for observation and automatic computation and with its
scientific programme - GARP - which is stimulating numerical experiments on a global scale.

There can be no doubt that the problem of the origins of climatic fluctuations as a giobal process will be
studied numerically and, consequently, that realistic rather than hypothetical ways of improving the climate
will emerge. I do not know at what point in the future this will happen, but people will stop reading newspaper
items such as the following:
"Life-saving rains. Addis Ababa, 11 May 1973 (Pravda. From our own correspondent).

Two rainy seasons - March-April and June-September - occur regularly in the Abyssinian uplands, bringing
moisture to the fields of millions of peasant holdings. The agricultural technology of Abyssinian farmers, grain
stocks, dates for the payments of taxes and debts, even weddings and holidays, have all been adapted to this
natural rhythm. This year the rains have come disastrously late. In March, for example, the rainfall was only
2.4 mm and in April it was 38 mm, whereas in the same months of last year it was 64 and 103 mm respectively.
The hot tropical sun has dried up the land. The streams and small rivers have dried up. In April, reserves
of last year's crops were nearly exhausted. In areas where the food shortage had become catastrophic, the Government of Ethiopia began to distribute free food.
But now, heavy, but belated rain has begun to fall on Ethiopian soil. During the first four days of May alone,
the rainfall was more than in the preceding four months. And although the material damage caused by the drought
is very great, the authorities think that they can cope with nature's dangerous whims without serious loss."
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When people stop reading such items, Le. when such items no longer appear because climatic conditions
and the weather will be regulated, people will also, of course, forget about GARP. But the activities of WWW
will not diminish. The regulation of weather and climate will call for accurate forecasts of the development
of events, both during periods of regulation and after them, as well as in periods when regulation will not be
needed. This activity will come to have social and political aspects. That is why, while knowing that we shall
all be forgotten, we must not only not slacken our efforts but, on the contrary, we must do eveJ:ything towards
continuously increasing the effectiveness - economic and political- of WWW.
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WMO ASSISTS DEVELOPING COUNTRIES
by S. Tewungwa
(East African Community, East African Meteorological Department)

SUMMARY
The term "developing country" is always synonymous with a country having a tropical climate, a low rate of
exploitation of natural resources, little industry, and an uphill struggle to better the living standards of its people.
Any technical assistance rendered would be meaningless unless it were relevant to the overall struggle for improved
living conditions of the people.
Through technical assistance in meteorology, the Member Service of a developing country can contribute
to the economic planning in the fields of agriculture, water resources, industrialization, transportation, tourism
and preservation of wildlife.
WMO has, in the past, helped developing countries with technical assistance, chiefly in the specialization of
training, telecommunications organization, improvement of observational networks, agrometeorology and hydrometeorology. The results of the assistance have, in the large majority of cases, led to substantial improvements
in the meteorological services, and have helped to overcome shortcomings in manpower and material resources
experienced by countries after their receiVing independence from colonial rule.
It is hoped that the successes achieved in the past andpresent will encourage the technical assistance component
of WMO to continue and expand the good work in the future.

Problem.s of development and associated struggle

Developing countries have been taken so much for granted that more often than not we do not stop to
ask ourselves what they are and why they are so called. Indeed I have been tempted in this paper to take
advantage of this fact, thereby avoiding to give any rigorous definition of a developing country because I am
sure none of my listeners will seriously demand such a definition. Nevertheless, some characteristics of developing countries may be worth mentioning at least for contrast purposes.
(a) Almost all of them lie 'within the tropics;
(b) Their rate of exploitation of natural resources is lowest;

(c) They lag behind in industrialization and technological development;
(d) They are the ones still struggling to ensure that the standard of living of their people is raised above
subsistence level. In other words, the income per capita is still very low compared with that of most

technologically more advanced countries.
No doubt there are more points that could be added to this list but this is not a lecture on the similarities
or contrasts between developed and developing countries. The last point, however, is of such great significance
that it needs to be treated in greater detail. When any leader of a developing country talks about development
he is in fact talking about economic development. The leader is painfully aware of the vast contrast of poverty
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and other hardships between his own people and those in what we call developed countries. He is also aware
of the severely restricted opportunities of employment, of the lack of sufficient amenities such as: running water,
proper sanitation, education and health facilities in the rural areas. He is also aware that the key to the eradication of these shortcomings and the vast difference in living standards between his own people and those in
other countries lies in properly organized economic development projects. It is because of this awareness that
in the developing countries constant planning and considerable struggle continually go on with regard to
many activities of economic significance. Any assistance given would be meaningless unless it were deeply
involved in and relevant to the overall effort to raise the standard of living of the people. In fact, to appreciate
WMO's assistance better, it is therefore necessary to give a few examples of these activities.
Agriculture

The importance of properly organized agriculture to the economy of a developing country cannot be overemphasized. One of the basic problems facing developing countries in the field of agriculture is the transformation of the traditional peasant agricultural practices to modern methods of agricultural planning and management. In addition to this problem there are several others which have to be tackled in order to ensure that
agricultural output is enough, not only in quantity but also in quality, to ensure a balanced diet and also to
provide surplus for export in order to earn foreign exchange. Problems include the fight against pests and crop
diseases, the fight against the vagaries of climate with the uncertainty of rainfall distribution and intensity, the
fight against hail damage, and many others. Efforts must go into the study of crop water requirements so that
areas which are currently termed marginal can be transformed into proper agricultural land, most probably
with the assistance of irrigation. As a result of studies of this nature, improvements can be achieved and a
greater output expected.
Water resources management

A temperate-latitude dweller may have difficulties in appreciating the problems being faced in developing
countries regarding the provision of sufficient water for both human and animal consumption. This problem
exists particularly in the rural areas where people sometimes have to walk for miles in search of good drinking
water for themselves and for their animals. Fortunately, these problems are recognized by the leaders and,
particularly in Africa, considerable effort is being exerted with a view to improving water supply and to increasing its availability. However, it is evident that inputs from the meteorologist and the hydrologist are necessary
if a fruitful solution to this problem is to be found.
Transportation

Transportation, both international and national, is of great significance to the economic development of
the developing nations. On the national scale, the exploitation of the country's natural resources, the supply
of raw materials to its industries and the marketing of its agricultural products require an adequate network
of trunk and feeder roads and railways. Internationally, the existence of properly equipped and staffed international airports is absolutely essential. Furthermore, harbour facilities must continue to be improved in order
to aid national and international shipping; good highways and roads must link developing countries. It is
comforting to note that most of the developing countries do recognize the importance of air, road, rail and sea
transportation and that considerable effort is made for the improvement of transportation facilities. The opening up of what has been referred to as the "third world" and the success of proper economic development
largely depends on these improvements in transportation facilities. To be fully effective, these improvements
require meteorological advice, both at the planning stage and at the day-to-day operationalleveI.
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Tourism and preservation of wildlife
Tourism has been referred to as one of the greatest foreign exchange earners in a number of developing
countries. As a result, many developing countries invest considerable sums of money in the provision of hotels
and transport facilities and other amenities for the tourist. Furthermore, a lot of investment goes into the
preservation of wildlife, the greatest attraction to the tourist. The preservation of wildlife is a big and complex
ecological problem and, as already mentioned in connexion with water resources management, one of the most
vital aspects of preserving wildlife is the availability of water and food for the animals. In the tropics, this
reduces principally to the problems of rainfall and evaporation, and it is evident that to solve them a climatological research effort is essential. Another field where a meteorological input is necessary is in the publication
of climatic information for tourist areas so that tourists may be able to select the most suitable conditions and
time for pursuing their hobbies, such as photography, hunting, fishing, etc.

Industrialization
Earlier on, it was stated that the field in which developing countries are lagging most behind the developed
countries of temperate latitudes is industrialization and technology. There is no doubt that industrialization
can lead to accelerated economic development as it enables developing countries to save foreign exchange
reserves and also to maximize employment opportunities. The siting of a complex factory calls for consultation in several disciplines. One of the disciplines called upon to give an opinion is meteorology. Numerous
inquiries regarding climatological elements such as moisture, rainfall and winds are always made. There is
no doubt that meteorology is playing a modest but significant role in the important field of industrialization.
Many other examples could be quoted but for the purpose of this paper these examples should suffice
to indicate the requirement for meteorological input into many activities that are of significance to accelerated
economic advancement of developing countries. Later on this morning we shall hear a lecture on the role of
Meteorological Services in economic and social development and I therefore do not intend to discuss in detail
the relationship between meteorology and the economic activities of the nature described above. It is sufficient
for the purpose of our discussion now to state that a well-organized Meteorological Service can play a vital
role in activities similar to those enumerated. Assistance given by WMO to developing countries must therefore
not be looked upon in isolation and, since it is aimed at improving Meteorological Services, it can justifiably
be regarded as having relevance to the overall struggle for rapid economic development in developing countries.
In order to understand this relevance better I approached quite a number of developing countries, inquiring
what nature of technical assistance projects WMO had given in their countries and what impact this assistance
had had on any sectors of the economy. Replies which were received from 28 countries from Africa, Latin
America, the Caribbean, India and Pakistan, indicated the following results:
26
22
17
13

countries
countries
countries
countries
upper-air
12 countries
12 countries

received technical assistance in training projects;
received assistance in the improvement of national and international telecommunications;
received assistance in the organization of their Services;
received assistance in the improvement of their observation network, including APT and
stations;
received assistance in the setting up and improvement of agrometeorological services;
received assistance connected with water resources planning.

A few reported having received technical assistance in data processing, research and instrumentation.
The story told by this response to my inquiry is quite interesting and deserves further comment. It is
evident for example that considerable emphasis has been placed on projects connected with training. This
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has to be so because the foundation of any good Meteorological Service can be built only on adequately trained
and competent meteorologists. It is not surprising, therefore, that more than 90 per cent of the countries contacted have reported training as one of the fields in which they have received technical assistance. This training
assistance has been given in various forms, including the establishment of training institutions and provision
of teachers, the provision of fellowships to nationals to undergo training in countries other than their own,
and the provision of on-the-job guidance for newly qualified nationals of relatively inadequate experience.
Next on the list is telecommunications. Telecommunications, both internal and external, have been
appropriately described as the life-blood of meteorology, because without good telecommunications observational data will be oflittle synoptic value and activities that depend on real-time meteorological data will suffer.
Because of this consideration WMO has been making considerable effort to provide equipment for the improvement of meteorological telecommunications. In fact, about 80 per cent of the countries contacted indicated
having received assistance in the telecommunications field.
The field of organization also had its share of attention. This is only natural because the efficacy of any
Meteorological Service depends on the efficiency of its organization from the point of view of both technical
set-up and administration. WMO has taken cognizance of this fact because over 60 per cent of the replies
indicated that assistance had been received in organization. It may be necessary here to clarify by explaining
what interpretation was given to the question of organization. In the first instance, an indication that an expert
was provided by WMO to look into the organization of a section or a division within a Service was regarded
as assistance in organization. Examples in this category are areas where experts were provided for setting up
telecommunications centres. Another example in this category is that where an expert was provided to a country
to make an assessment of whether, say, the integration of the Meteorological Service with another government
department would be desirable or not. For example, assistance is reported to have been given to a country
for an expert to assess the merits of integrating the Meteorological Service with the Hydrological Service.
Thirdly, assistance has been provided by WMO where an expert has been given terms of reference for actually
studying the structure and administration of a Service and making recommendations for improvements. Whatever category one considers, it is justified to assume that a successful mission of this nature contributes significantly to the effectiveness of a Meteorological Service.
Yet another area in which WMO has been most active is in the provision of equipment and sometimes
expertise for the improvement of networks of observation in several countries. About 45 per cent of the responses
received indicated that technical assistance had been received in this area. One of the greatest drawbacks to
the effectiveness of Meteorological Services in developing countries is the sparseness of the observational network, both surface and upper-air, on land and at sea. Assistance given by WMO inthis field, which has included
the provision of equipment for the measurement of radiation, the provision of equipment for the setting up
of upper-air stations, the provision of equipment for the setting up of surface stations, must have gone a long
way in making Services in developing countries more effective. Incidentally, the provision of APT equipment
and of weather radars has also been classified under this category.
Provision of technical assistance in the field of agriculture and water resources planning turned out to be
rather low on the list and only 43 per cent and 39 per cent respectively of the responses indicated having received
technical assistance in these two areas. This may appear rather surprising, considering the fact that these are
two areas where direct participation by WMO would contribute directly to improve agriculture and water
resources. However, to contribute meaningfully to either of these two fields a Meteorological Service needs
to have trained staff, an adequate network and the necessary infrastructure. This may explain why the WMO
effort has been concentrated on training, networks and organization rather than on projects of direct application. Another point that has to be taken into account is the fact that until very recently most of the Meteorological Services in developing countries have tended to be aviation-oriented. This has led to a situation where
most of the requests for technical assistance have been concerned with the development of the Meteorological
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Service for transport rather than for the development of natural resources. However, this situation is changing
rapidly and it is felt that future projects in technical assistance will tend to be more in the natural resources
field rather than in the transportation field. Incidentally, another reason why figures relating to assistance in
the fields of agriculture and water resources appear to be fairly low is the fact that only those projects which
have been specifically reported as being in the field of agrometeorology or hydrometeorology have been
classified in this category. This means, for example, that the setting up of climatological stations and the training of people in general meteorology, which indirectly contributes to agriculture and water resources planning,
have not been reflected in this category.
In this survey I have attempted to assess the impact that WMO assistance has had on the ability of Meteorological Services to contribute more effectively to the social and economic activities of the recipient countries.
It is interesting at this juncture to hear what some of the Permanent Representatives said in this respect:
The Permanent Representative for Mauritius:
"The substantial increase in the number of Class I meteorologists has rendered the forecast section more
efficient and more scientific, it has also provided us with sufficient staff to look after the two most important sections
of the department, namely, climatology and hydrology.
Cyclone warnings issued by the forecast section have greatly helped to minimize loss of life and property in
the country, in the air, and over the sea.
The Class I meteorologists making climatological studies are now providing advice to agriculturalists and
industrialists and specific requests for specialized meteorological information in respect of new agricultural and
industrial projects are being attended to rather speedily and efficiently. Mauritius has now diversified its agriculture
and information provided by our Service has been extremely helpful in this matter. Less and less foodstuffs are
being imported and this alone enables the country to save money in foreign exchange."
Commenting on the effectiveness of the Nigerian Meteorological Service, which could be partly attributed
to WMO technical assistance, the Permanent Representative of Nigeria had this to say:
"There is, however, no doubt that meteorological services rendered to aviation, agriculture, water resources
development, industries, engineering and other activities throughout Nigeria have been and will continue to be
of tremendous benefit to several undertakings."
The then Permanent Representative for Zambia wrote about WMO technical assistance:
"Without the help from WMO listed above, it would not have been possible to have developed a Meteorological Service so quickly from scratch into its present state of efficiency and which should enable Zambia to effect
a smooth transition from its present expatriate status to a fully Zambian Meteorological Service.... "
The Permanent Representative for Rwanda commented:
"WMO's action has contributed a great deal to the development of the Meteorological Service of Rwanda.
This contribution will have, in the short term and expecially in the long term, an influence on the economic and
social life of the country. Even now the Service contributes to the safety of air navigation by means of route and
terminal forecasts, the development of a climatology division will help the agriculture of the country to develop
through a more complete understanding of the weather and of the climate. But the full effect of the activities of
the Meteorological Service will be felt only in five or ten years' time."
The Ethiopian Permanent Representative on WMO assistance:
"It can be certainly said that the need for meteorological assistance is felt more than ever by all sectors of the
economy requiring meteorological aid; and lately the demand for meteorological information by various organizations and institutions in the country has increased so much that the Meteorological Service has found it very
difficult to satisfy all these demands to its present capacity. .. . This state of affairs we feel is due to the participation of many WMO experts in the organization, development and day-to-day activity in the Service in the past
and the valuable work done by staff trained through the WMO assistance programme."
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The Permanent Representative of Sudan with WMO had this to say about the effect of WMOtechnical
assistance on Sudan's Meteorological Service:
.
"The scope and value of meteorological services were much improved as a direct result of the establishment
of the agrometeorological stations ip Sudan, particularly outstanding contribution from the Wad Medani Station,
sited alongside the Gezira Agricultural Research Station. This agrometeorological station and others, established
in agricultural research stations, have led to considerable advances in many research studies where yield level or
incidence of pests and diseases have been shown to be largely dependent on climate factors. The impact of this
from an economic standpoint in an agriculturaTcountry like Sudan is evident."
The Acting Director-General of the Caribbean Meteorological Service had this to say:
" . . . the support by WMO has been invaluable for it has enabled us to establish our services to the point
where we may nOw embark on some meaningful participation in national development. Without this assistance
we would still be groping around just to provide minimal service."
The Permanent Representative of Burundi commented:
"Summarizing, it may be stated that technical assistance provided by WMO in the framework of these three
UNDP projects has contributed greatly to the development and strengthening of the Meteorological and Hydrological Services of Burundi, allowing this Service to participate actively in the organized planning of several projects
essential to the economic development of the country; transport, civil engineering, economic development in several
regions, estimation of water power and exploitation of this resource for power in BurundL"
One of the oldest Services on the Mrican continent is the Egyptian Meteorological Authority and correspondingly it is one with the longest history of WMO technical assistance. It is necessary therefore to recollect
here the conclusions drawn by the Egyptian authorities on WMO technical assistance:
"Egypt is an example where a variety of WMOassistance has been provided to an already well-established
Meteorological Service, mainly by adding new elements, such as agrometeorology and an instruments division,
but also by raising the scientific standard of the staff through training in various ways and by· giving guidance in
the carrying out of basic and applied research on meteorological subjects.
.In view of the above the impact of WMO assistance on various fields of economic development has been more
an indirect one. It is the staff trained with WMO assistance who now give advice in various economic fields.
A number of projects carried out in Egypt will be of benefit, not only for the country, but also for other
countries in the region. The results of research activities, for instance, are of more than national benefit. When
it is possible to carry out numerical forecasting on a routine basis, the Middle East region will benefit from it; the
telecommunications facilities being implemented are of more than regional interest, and the training facilities,
established with the help of WMO, are open to students from other countries.
From the above it is clearly seen that the Meteorological Service in Egypt has not only developed to a
capability for the benefit of Egypt but also for the benefit of the Africa, European and Middle East area, as well
as an important contribution to the World Weather Watch as a whole. The Government of the Arab Republic
of Egypt made substantive counterpart contributions by providing the necessary staff, establishing training, etc.
In conclusion, therefore, assistance given to Egypt over a period of 17 years may be considered as having had a
successful outcome from all points of view."

It is evident from the above examples that WMO assistance has been most effective in steering the growth
and promoting the development of meteorology in developing countries; it is also evident that this assistance
has been appreciated. Our experience in East Africa has been very similar.
Technical assistance to East Africa in the field of meteorology started as far back as 1955. However, for
the purpose of my illustration, I will commence with a project that we normally refer to as the "Nyberg Mission", which was sent to East Africa in responseto a request by the then East African Common Services Organization in 1962; The Mission had as broad terms of reference "organization of the Meteorological Service".
Several recommendations were made by the Nyberg MIssion and I do not intend to go into detail, but some
of the most important ones included the centralization at headquarters of certain services such as climatology,
forecasting analysis, instrumentation and printing, etc., the strengthening of the regional offices in the three
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partner states of Kenya, Uganda and Tanzania, and the training of local personnel. Also Nyberg recommended
the provision of technical assistance personnel to deal with the day-to-day running of the Service.
Shortly after the Nyberg Mission in 1963 and in accordance with a resolution of Regional Association I,
a Chair of Meteorology was established at the University of Nairobi for the training of Class I personnel. Two
years later a Regional Meteorological Training Centre was established at the headquarters of the East African
Meteorological Department for the training of Class 11 meteorological personnel. The important role played
by these institutions is reflected in the fact that by the end of 1972 there were 26 local Class I meteorologists
in the service of the EAMD and there were 46 local Class 11 meteorologists in the same Department.
The importance of these two centres has not been liInited to East Africa but students have come in from
most English-speaking countries in Africa, including Botswana, Ethiopia, Ghana, Liberia, Malawi, Mauritius,
Nigeria, as well as some from French-speaking Rwanda, and also Nepal.
During this period of intensified training it was essential that operational work should continue and, in
accordance with the Nyberg recommendations, the East African Common Services Organization made yet
another request to WMO; this time for personnel to assume various responsibilities within the E.A. Meteorological Department. The personnel who were provided in 1964 consisted of five experts, one of whom was
to be the overall head of the Department, three to be in charge of the strengthened Regional Offices in the three
partner states of EACSO, and the fifth to take charge of climatological research and ancillary services. The
phasing out of these experts constitutes one of the most outstanding successes of the training programme. By
1968 all these posts were held by qualified East Africans and any remaining experts were there only in an advisory
capacity. The entire training programme was such a success that the Governments of Kenya, Uganda and
Tanzania decided to make it a more permanent feature by requesting UNDP to support a Special Fund project:
"The E.A. Institute for Meteorological Training and Research", to deal with more advanced training and
research programmes. This too has become a reality and apart from conducting undergraduate courses in
meteorology there are candidates pursuing courses leading to postgraduate diploma, Master of Science and
Doctor of Philosophy degrees. The basic forecasters' course is also conducted at this Institute.
There were other recommendations which it would be unfair to lose sight of; for example, it was recommended that emphasis be given to matters pertaining to agriculture, hydrology, instrumentation and telecommunications. These recommendations have been followed up by the East African authorities and requests
have continued to be made for the provision of experts and equipment in the setting up of these services. For
example, in the field of agriculture UNDP assistance was requested in 1968 and, as a result of this, five years
later there is a viable agrometeorological section within EAMD whose activities have started to be felt not
only among the meteorologists themselves but also by the farming community. In hydrology the EAMD participated actively in the massive project, a Special Fund project for the Catchments of Lakes Victoria, Kyoga
and Mobutu Sese Seko, the results of which are to have a far-reaching impact on the development of water
resources planning, not only for the three partner states in the E.A. Community but also for the downstream
countries of the Nile, Sudan and Egypt.
On the question of telecommunications, a request was made as far back as the early sixties and the equipment then provided continues to form the nucleus for the Nairobi Regional Telecommunication Hub. On the
question of instrumentation, a workshop for the repair and maintenance of instruments has now been brought
into being with assistance obtained largely from the Canadian Government.
EAMD is now able to play an active role in many spheres of economic significance, including agriculture,
water resources, transportation, the construction industry, including industrialization, etc. This state of affairs
has been brought about with the assistance of WMO by the East Africans who have responded to WMO's
stimulus with dynamism and drive.

108

IMO/WMO CENTENARY CONFERENCES

There can be no doubt that WMO assistance over the past 20 years in many developing countries has been
a success and in actual fact this success cannot be clearly brought out in a mere hour or so. To do so would
mean a detailed study of project by project and detailed assessment of the success of each such project and the
impact it has had, not only on the development of the Meteorological Service itself, but also on the economic
and social status of the recipient country. However, going side by side with the success there have been, or
there could arise, weaknesses which I wish to take this opportunity to point out. The first of such weaknesses
is the delay in getting experts to their assignment. When a country puts in a request for an expert, this is done
after careful analysis of the country's requirements and most urgent needs and it is most frustrating to have
to wait for several months, sometimes up to a year or more, before an expert arrives in the country to commence this mission. Talking about experts, another weakness is the rapidity with which some of them are
removed, mainly because the donor country wants the expert back in his own post. Considering that it may
take up to five or six months for an expert to settle down and become effective in his undertaking, it is unfair
to a recipient country if an expert is withdrawn abruptly after a period of, say, only twelve months. In some
cases it is argued that the donor country is ready to provide another expert of exactly the some qualifications
and who will do the job in exactly the same way. I have argued that if the donor country is providing this
replica of the man with me, why cannot it use that replica and leave this man who has settled down and
has started producing results?
Another weakness is the occasional, apparent lack of meaningful and active dialogue between the recipient
country on the one hand and the donor country on the other, and also the apparent lack of such dialogue
between the Technical Co-operation Department of WMO and recipient countries. After all, any assistance
can only be of maximum benefit if the type of equipment or calibre of expert matches the facilities and circumstances that exist in the recipient country. It is absolutely essential that this dialogue between donor and
recipient be strengthened as this will avoid the provision of sophisticated equipment to a country where there
might be no ancillary services for maintenance and in fact actual usage. This will also avoid the provision of
funds for training institutions and teachers to a country where there might be no suitable candidates to avail
themselves of such training facilities. Such dialogue would indeed avoid cases where equipment has been donated
and within a short time pronounced unsuitable or obsolete. Cases like these are rare but in the event that they
might occur in the future I would strongly recommend that meaningful and active dialogue between recipient
countries and WMO or donor countries should be established and strengthened. We must avoid statements
like: "We know what is suitable for them".
It is opportune at this juncture to have a look into the not too distant future and give some thought to the

areas in which WMO should place greater emphasis when considering technical assistance to developing countries. The development of the World Weather Watch with its associated programmes in telecommunications,
data processing and research must surely be a vital guiding factor in this regard. Wherea~ many of the telecommunications centres on the Main Trunk Circuit are automated or about to be so, none of the centres in
developing countries has been automated, even those on the branches of the Main Trunk Circuit. It is evident
for comparability and rapidity of exchange of data that consideration will have to be given to the automation
of some of these centres in both Africa and Latin America, since an exercise of this magnitude would be extremely
difficult to implement from national resources. A similar argument applies to the WWW requirements for data
processing in regional Meteorological Services.
The success of the research programme of the World Weather Watch and in particular the two major
planned research programmes, namely, GARP and FGGE, will depend partly on the ability of all Members
to participate meaningfully and partly on the ability of all Members to interpret and use the results sensibly.
In temperate latitudes the necessary high-calibre scientific personnel for this purpose exist. On the contrary,
only very few Services in the developing countries can boast of these high-calibre scientists, and it will be necessary therefore to lay as much emphasis on the training of these specialists as is currently placed on the produc-

ECONOMIC AND SOCIAL BENEFITS OF METEOROLOGY

109

tion of the average operational meteorologists. The potential material for this advanced training exists in
many of the Services, thanks to the current training programmes undertaken with WMO assistance.
Other areas in which assistance will have to be intensified in order to ensure the success of the World Weather
Watch include the improvement of networks, particularly upper-air stations and the making of observations
at sea. I do not need to emphasize the fact that currently there is not a single weather ship either in the South
Atlantic or in the Indian Ocean.
Other factors that will determine the form of technical assistance to be rendered by WMO will obviously
be the level of development of the Meteorological Services themselves and the level of economic development
achieved by the countries. With regard to the former, it has been said that training programmes in existence
have produced the operational meteorologist who is effectively handling routine problems as dictated by specific
economic development projects. Until the high-calibre scientist has been produced it will be desirable for WMO
to accept requests for experts to assist in the solution of particular research problems of economic importance,
as formulated by the potential recipient. This may take the form of assistance where a few scientists are sent
to a country with the particular aim of solving a particular practical problem.
Before I conclude, ladies and gentlemen, I wish to express my gratitude to the Permanent Representatives
who were kind enough to reply to my inquiries regarding WMO assistance in their countries. Without their
assistance and co-operation, this lecture would not have been given this morning.
In conclusion I would like firstly to record our appreciation for the technical assistance that WMO is
giving and channelling to the Member Services in developing countries; secondly, to state that WMO's past
and present work in the field of technical assistance is formidable by any standards and has, in many developing countries, contributed significantly to the progress of meteorology and of the economy; and thirdly and
finally, to express the hope that the technical assistance component of WMO will not now take a rest under
its wreath of laurels but continue and expand its work for the betterment of meteorology in the service of mankind in the "Third World".

ROLE OF METEOROLOGICAL SERVICES IN
ECONOMIC AND SOCIAL DEVELOPMENT
by E. Bernard

SUMMARY
There is a double aspect to the role of meteorological services in economic and social development: potential
or ideal, real or actual. The ideal role has been clarified by the new conception of meteorology within the framework of the major problems of our time: use and conservation of a limited and threatened environment, necessmy
improvement of the quality of life, especially in the more unfortunate countries. Until recently meteorology was
synonymous with the physics of the atmosphere. Today it is the science of the human atmospheric environment,
and its applications are directed towards improving the well-being of mankind.
In the light of this definition, a strong contrast appears between developed countries, where the actual role of
meteorology in development coincides with its potential role, and lagging countries, where these two roles are velY
far apart. The reasons for this contrast are analysed through a comparison of the contribution of meteorological
services to the different sectors of the economy in developed and developing countries. In these latter countries,
meteorology can effectively contribute to an increase in the Gross National Product, especially through its impact
on the intensified development of natural resources of meteorological origin. The main endeavour should thus be
to reinforce all the means available to the Meteorological Services in these countries. This will result in both an
increased contribution to the progress of their national economies, based on better meteorological knowledge,
and an improvement of meteorological science, for the benefit of all.

Introduction

As an African primate sprung in the Tertiary from terrestrial mammals, man, zoologically speaking, is a
homeothermic animal constrained to maintain his internal temperature at a constant level. The exercise of
his physical and intellectual powers is closely related to the conditions of his atmospheric environment. First,
bioclimatic factors (atmospheric pressure, oxygen pressure, light and air temperature and humidity) with their
daily and seasonal rhythms directly govern man's physiological functions. Then, climate determines the resources
of the ecological environment (soil, water, flora and fauna), resources from which he satisfies his needs for
food and for protection, in the form of shelter and clothing, from the excesses of the elements.
These needs are of fundamental importance in political economy and sociology, sciences concerned with
how societies are organized to best satisfy human needs. Again, meteorology may be defined today as the
science of man's atmospheric environment applied to the improvement of human well-being. Such well-being
begins with the satisfaction of essential needs dependent on weather and climate. Thus the first necessary link
is established between meteorology and sociology and economics.
Man and his societies were at first passively dependent on weather and climate. But as his intelligence
developed, man gradually began to make better use of environmental resources. A history of civilization and
of social and economic development could be written from the meteorological viewpoint, describing man's
constant struggle better to adapt himself to his atmospheric environment and to possess himself of its wealth.
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The evolution of Quaternary man with his genius for invention fostered by paleoclimatic changes, the emergence
of human races and civilizations through adaptation to climate, mass invasions of more fertile climes, colonial
wars for the possession of climates with complementary products, the physical, intellectual and religious characteristics of the populations of the world linked to ecological and climatic determinism, such would be the main
chapters of the social and economic history of man seen from the standpoint of its roots in meteorology.
Our purpose today is to leave you with some thoughts regarding the last chapter of such a history, to be
entitled, "The century of meteorological services". We are celebrating the ending of this century, which began
around 1850 with the founding of the :first national observatories or Meteorological Services and with the
appearance of a new type of scientist - the meteorologist/civil servant. At that period, science and technology
were taking social and economic hold on Europe and were before long to reach throughout the world. At the
same time, meteorology was recognized by various States as being in the public interest. The establishment
of the Meteorological Services was the legal consecration of meteorology as a global science with a part to play
in the young industrializing countries. The :first Meteorological Services set an example soon followed by other
countries. Today, each nation has its own Service, and 136 countries or territories are now Members of the
World Meteorological Organization.
What role did the Meteorological Services actually play in the social and economic development of nations
and of the world? What was the discrepancy between that role and what it could have been? What role will
these Services, and the Organization that brings them together, play in the future in a world in explosive demographic and technological expansion? These are the questions that we shall look at. The realities of social and
economic development in the world force us to make a distinction between the countries described as developed,
rich, industrialized or advanced and those described as poor, backward, new or even termed "developing".
We shall see that for most of these countries the actual social and economic role of meteorology is very small
in relation to its potential role. We shall draw attention to three common paradoxical distortions in meteorology, one within the Meteorological Services themselves, the second on the national level and the third on the
international level. We shall seek the reasons for these contradictory situations so as to propose solutions for
them. We shall conclude by affirming our faith in the future of world meteorology in the coming decades as
a global science, of vital importance for the future of mankind when it is fully applied in the interests of human
well-being.

Contrasts between the roles of Meteorological Services in advanced and backward conntries
This analysis is based on three distinctions or dualities: the distinction between weather and climate (that
is between weather forecasting and climatology), the distinction between beneficial and harmful meteorological
forces and the distinction between rich and poor countries. The six terms of these three dualities will be seen
to be linked together in a way that is highly significant for the study of the role of Meteorological Services in
social and economic development.
Since the moon landing, the Stockholm Conference on the Environment and the Club of Rome's publication, governments and public opinion have become aware that the planet and its resources are limited, that
the environment is threatened and that improvement of the quality of human life is the vital issue. In under
ten years, the ecological view of the role of science and technology has become universal. Never again can the
support of science and technology be considered outside the context of this awareness, for it is man's future
that is at stake. In this ecological revolution in which all men are henceforth conscious of their mutual dependence, meteorology must be in the forefront. However, to do this its role will have to be redefined in the minds
of the authorities and the general public. Meteorology can no longer be defined solely from its theoretical
aspect as the physics of the atmosphere. Today, theory and application, science and technology are closely
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linked. It is for this reason that we have defined meteorology above as the science of man's atmospheric environment applied technically to the improvement of human well-being. The three distinctions mentioned above
follow from this definition.
First of all, there are two logical approaches to the changing phenomena of the atmosphere. These may
be described and interpreted either in terms of the mean changes during the periodic rhythm of days and years
or in the dynamics of their actual development. These two approaches to atmospheric phenomena, one concerned with cumulative and past changes and the other with instantaneous and future change, lead to the first
distinction: that between climatology and weather forecasting, these being founded respectively on the concepts
of climate and weather. Meteorology in its widest sense covers the field of weather forecasting (meteorology
in its narrowest sense) and climatology. Note here the misfortune that the expression "meteorology" should
be used, even by specialists, with two different extensions of meaning. How many misunderstandings have
arisen from this constant confusion in the use of the basic term! The way this ambiguous usage adversely
affects the understanding of the role of Meteorological Services in developing countries will be seen later.
We now come to the second distinction required in our analysis. The natural forces of meteorological
origin (light, heat, precipitation, river flow, wind, marine currents ... ) have the dual aspect of good and evil.
Man has always tried to turn the beneficial meteorological forces, creators of economic wealth, to the best
account. However, he has also always had to protect himself to the best of his ability from harmful meteorological forces, which destroy the works undertaken by human societies to satisfy their needs and to accelerate
their economic development.
The last distinction to be established is that between advanced and backward countries. Nations admittedly vary in their degree of development and are widely spread out over any classification scale. Some people.
playing on words, assert that all countries, even the richest, are developing countries. However, social and
economic realities make nonsense of these arguments. The world today is indeed divided into rich or developed
nations and poor, or what are termed developing, nations. Of the 136 countries or territories that are Members
of WMO, 33 are in the advanced and the other 103 in the underdeveloped group. Of a world population of
3.8 thousand million in 1973, 30 per cent or 1.1 thousand million are living in developed nations and 70 per cent
or 2.7 thousand million in underdeveloped nations. In 1971 the Gross National Product per capita was US $2760
for the group of rich nations as opposed to US $220 for the group of poor nations.
We are now in possession ofthe three dualities: weather forecasting and climatology, harmful and beneficial
meteorological forces, developed and non-developed countries. To start with, harmful meteorological forces,
temporary in nature, may be associated with the concept of weather forecasting, while beneficial forces, cumulative in the constant use that is made of them, may be associated with the concept of climatology.
The human societies making up nations are established on territories and organize their activities in the
fixed framework of the climates belonging to those territories. Agricultural and industrial development of the
country, hydraulic works such as dams, channels for transport and towns are lasting human works. There
are indeed many whose concepts have been inspired, directly or indirectly, by a concern for making the best use
of beneficial meteorological energy in the form of light, heat and water. The cost/benefit ratio of such endeavours (and of all human activity stemming from them) to the Gross National Product can only be evaluated on
a long-term basis, that is in terms of climate.
On the other hand, destructive meteorological forces are by their nature intermittent and sudden in onset.
Hurricanes and storms, spates and floods, droughts, hail, frost, crop diseases and blights and heat waves and
cold snaps mortal to stock mark exceptional fluctuations in weather. Forecasts of such temporary fluctuations
enable warnings to be sent out and precautions to be taken for the safety of human life and to limit damage
or meteorological disasters.
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The association just made, together with a further distinction drawn between the potential and actual
roles of the Meteorological Services, brings us finally to the following table. In this, the degree of the two roles
have been contrasted, first as they apply to weather forecasting and climatology and second as they apply to
advanced and backward countries.
Contrasted roles of the Meteorological Services
in the social and economic development of advanced and backward countries

1. Weather forecasting and
Group of countries

2. Inventory, study and use

protection from the harmful
forces of weather
(weather forecasting)

A.

of the beneficial forces
of climate
(climatology)

Potential role

Advanced countries
Backward countries

Priority
Secondary

Secondary
Priority

Advanced countries
Backward countries

B. Ratio of actual role to potential role
Very high
High
Medium to low
Very low

The terms potential (priority or secondary) role and actual (high or low) role are of course no more than
generalizations. They apply to the whole range of efforts made and the human, material and financial resources
involved. We shall endeavour to justify them.
The causes of contrast
The evolution of human societies seems to be governed by the laws of an open system of socio-economic
thermodynamics, exchanging flows of matter and energy with the outside world and changing these flows into
goods and services that constantly raise the standard of living. On Earth, order is built up on three superimposed levels. There is biological order, created by the organism of a plant or animal within its environment,
ecological order produced by the system of plants and animals in the biosphere and finally social and economic
order built up by human societies exploiting the resources of the environment. The order created at these
three levels is structural and functional. Disorder within isolated physical systems is measured by entropy.
The order created by an open system can be measured by the negative entropy or "negentropy" produced.
The negentropy of biological evolution kept on increasing up to the advent of man. Social and economic order
came with the establishment of the first human societies. Its negentropy continually increased with the time
of the highly organized societies of our own day who established a high degree of order by the conquest of science
and technology.
Case of the developed countries

In terms of the above metaphor, the economies of advanced countries may be said to be strongly negentropic.
Disorder is banished and there is no respite in the struggle against weather to ensure maximum productivity.
Highly complex structures, all interconnected, and the intensive improvement of human capacities, all constantly
tend to increase social and economic order. Regardless of whether this takes place in a capitalist or socialist
framework, the intense flows of energy production, creative thought, information, education, trade and public
services all obey strict rules that are adhered to and are behind the productive efforts of millions of people
towards improved national and personal well-being.
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In such a society, with its eye on profit, natural resources have been put to the best possible use, either
before the advent of Meteorological Services, as in agriculture, or at the same time as they developed, as in
industry. Consequently, during the development of industrialized societies, climatology was unable to play
its essential role, that is of listing natural meteorological resources. The development of countries and exploitation of these resources, on the national scale and in the long term, have not been rationalized on the basis of
climatological knowledge. They are the result; finally perfected, of several centuries of empirical efforts.
Thus meteorology in advanced countries was developed and expanded mainly with a view to protecting
human works and activities in societies that already had their main economic structures in place by the middle
of the preceding century. Now, meteorology for protective purposes means weather forecasting. The Meteorological Services of the advanced countries therefore organized their resources and their endeavours in terms of
synoptic meteorology, which all too soon, unfortunately, became regarded as all of meteorology.
Since meteorology in advanced countries has basically a protective function, its economic advantages are
generally estimated in terms of the losses avoided through weather forecasting. WMO publications clearly
show this. In a number of advanced countries losses avoided, essential items for the cost/benefit estimates of
Meteorological Services, are on average at least twenty times greater than the annual Meteorological Service
budget.
Furthermore, it is significant that the first creative impulse in international co-operation in meteorology
was initiated by ideas of protecting shipping from storms. Later on, after 1922, the work of the Norwegian
school at Bergen guided Meteorological Services even more firmly towards synoptic meteorology. The growth
of military aviation during the Second World War followed by the tremendous expansion of civil aviation after
1945 gave meteorology its second impetus towards meteorological protection of flights and consequently to
synoptic meteorology on which such protection depends.
Admittedly, a very large amount of climatological work was done by the Meteorological Services in the
early days of international meteorology in response to the evident need to catalogue climates. However, this
work had little impact on the social and economic development of countries already in the midst of plenty.
Moreover, many countries soon came to confuse climatology with climatography, the science of archiving
the data gathered by a synoptic network and processed statistically as useful by-products of the work put into
forecasting. The scientific and technological utilization of climatological data, in the form of a true interpretative applied climatology has slipped increasingly out of the hands of a number of Meteorological Services
into those of universities, geographers, agronomists and hydrologists.
This highlights one of the main reasons for the social and economic impact of the Meteorological Services
in developed countries. These have a large educated clientele, eager fot weather information, from scientists
and engineers down to the general public getting its daily weather forecast from radio or television. The mass
clientele is receptive and daily organizes countless activities on the basis of weather forecasts, which help to
increase social and economic order in the same way as an infinite sum of infinitesimals makes up an integral.
This contribution to economic growth is difficult to put into figures, but is large. Apart from the mass clientele,
there is the specialist clientele of science and technology. These are the scientists, engineers and technicians
actively applying meteorological data in various sectors of development such as agriculture, industry, services,
and last but not least the vital quaternary sector of research and education.
Another characteristic of meteorology in advanced countries is the high ratio, close to unity, between the
actual and potential socio-economic roles played by their Meteorological Services. In these countries, where
the drive to efficiency on all levels is paramount, the Meteorological Services have, over a century, generally
acquired the staff, structures and dimensions suited to their national and international needs. Naturally, the
heads of Meteorological Services in advanced countries always complain of the inadequate means granted
them by the State, since programmes designed by scientists in the advance towards truth have always exceeded
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the means available. In referring here to the correspondence between means and ends, the standpoint is that
of the distribution of resources available to the State to support the various institutions for which it is responsible.
This distribution has reached a balance as a result of the forces of competition called into play. Lastly, each
institution receives means in accordance with the part it plays. The budgets of the Meteorological Services in
advanced countries cannot be said to be underestimated by a factor of two or three. It might even be considered
that, for those countries most highly developed in terms of science and technology, the ratio between Meteorological Service budget and Gross National Product has finally reached a value close to the optimum as a
result of free play over a century of scientific and technological forces, which are competitive but guided by the
national interest.
Case of the developing countries

For widely divergent reasons, the complex existing between human society and its environment in the hot,
and more particularly the hot and wet, areas of the globe, is weakly productive of structural and functional
socio-economic order. The creative inflows of this order (capital, material goods and productive energy and
willingness) are inadequate. The result is underdevelopment, whose most distressing features are poverty,
malnutrition, ignorance and disease.
That is why in many countries of Latin America, Africa and Asia, the situation described for advanced
countries applies in reverse in almost all points. Human society is little structured there and its socio-economic
metabolism operates at a low level. The mass of the population is rural and is frequently scattered over vast
areas. Accustomed to want, such people submit with resignation to meteorological disasters that strike still
more brutally and frequently because of the tropical climate. Such disasters regularly destroy, sometimes on a
national scale, the progress made in good weather years. Here it must be pointed out that advanced countries
have a much lower social and economic vulnerability to meteorological disasters. Due to the complex structures already in place and by stockpiles of all kinds, means for combating such disasters can be mobilized
immediately. The socio-economic organism of rich countries soon generates the antibodies required to restore
a very briefly threatened physiological balance.
In new countries where natural resources of meteorological origin are still poorly catalogued and little
exploited, the potential socio-economic role of climatology and its applications has priority, while that of
weather forecasting is secondary.
The primary importance of climatology results from the fact that it is needed at the first stage of determining
what resources are usable and their location. What should be planted and where to make the best use of the
fertility of the climate? What are the water resources available for irrigation, energy, industry and urban
centres? What rules does climate impose on town planning or architecture? To answer these questions, a
proper amount of well-founded climatological statistics is needed. Backward countries are in fact new countries, in the process of setting up technological systems in their regional and local climates. The ideal development of a territory involves making the best use of these factors by society. By basing development on the
inventory of climatic factors and water resources to give agriculture and industry a rational start, considerable
gains can be achieved as a result of harmonizing social and economic planning to the atmospheric environment.
These positive gains come from making the most of beneficial meteorological forces and correspond to continuous production of wealth from the light, warmth and water freely donated by the atmosphere. A good start
given to the flow of production on a firm meteorological basis could strengthen the nation's socio-economic
metabolism throughout its life.
The above considerations do not imply that weather forecasting should be neglected to new countries in
the tropics. However, it should be recognized that, apart from essential forecasting of the paths of tropical
storms in some countries and routine aeronautical forecasts, daily weather forecasts in tropical areas have
very little social and economic impact. Firstly, the scientific quality of the forecasts is uncertain due to the
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increasing inapplicability as the Equator is approached of the methods of synoptic meteorology applicable in
the temperate zone. Lastly, in central Africa for example, what events need a daily forecast? To inform whom
and protect what? The African farmer knows that in the rainy season he will be blessed with a daily storm.
On the high plateaux, admittedly, he will worry about hail in the rainy season and about frost in the dry season.
But such sophisticated forecasting lies beyond the grasp of meteorology in poor countries. Even if it were not,
the mass of the rural population, often with no means of receiving forecasts and lacking technical resources,
would be unable to benefit from them, at least in the existing conditions of underdevelopment.
On the contrary, an act that would be of great social and economic interest for these countries would be
to establish weather forecasting on a climatological basis and operating perforce over extensive tropical areas.
To follow the evolution of the hydrological cycle from week to week, to forecast high and low water in the
principal rivers, to follow the changing rhythms of the seasons by the variations in the cloud layer photographed
by satellite, to study the return of the monsoon and convection rainfall in terms of marine currents and in the
context of determinative energy interactions; all these are inter-dependent topics for a tropical meteorology
that would be of great social and economic importance.
Although these long-term forecasts still need a great deal of research, observing, in this way, the hydrometeorological changes from week to week or month to month over vast tropical regions of the globe would
be the first step necessary for progress in our knowledge. Existing facilities for meteorological observations
are adequate for undertaking and accomplishing that step. Success depends on the question of collecting
centrally and analysing the observations. The thousands of synoptic and climatological data recorded daily
in a scattered fashion among a hundred Meteorological Services in the tropics are like the incomplete and mobile
images of a hundred-piece jigsaw puzzle. Everyone is concerned to have the whole picture in order to understand
its structure and to follow its development. Yet the puzzle is never put together and the precious mm of the
complete picture is never shown.
The potential role in development of the Meteorological Services of the poor countries having thus been
evaluated in the complementary fields of climatology and weather forecasting, it remains to look at the actual
role played by these Services in social and economic progress. For this purpose, account will have to be taken
of the actual activities of these Services in terms of the means available to them.
The information on hand to undertake this examination is still fragmentary and subjectively coloured.
However, the picture of meteorology in the underdeveloped world is becoming clearer as a result of the request
for UNDP jWMO projects made to the United Nations Development Fund. WMO is the executing agency
for these projects. The characteristics of such meteorology is seen particularly clearly during visits made to the
countries concerned. A WMO survey at present being processed will soon provide valuable quantitative data.
Even now, two conclusions seem possible; that meteorology is underdeveloped in the underdeveloped world
and that the actual role of Meteorological Services in the development of that world is far below its potential.
The reasons justifying these conclusions are analysed elsewhere. There are a variety of them and their
effects all multiply each other. They are historical in many former colonial territories which inherited meteorological institutions that were unsuited to the needs created by autonomy. Other reasons are the absence of any
plan of reform to expand and adapt the Service to meet new needs, and the lack of support from a State intent
on developing other institutions that seem to have greater priority. Consequently, the human, material and
financial resources granted the Meteorological Service are insufficient. In the developing countries as a whole,
the situation of meteorology as seen from the standpoint of its contribution to social and economic progress
thus provides three paradoxes or contradictions.
The first paradox concerns the imbalanced organization of many Meteorological Services in new countries,
where the best of the few resources available to them are devoted to a single sector of development such as air
transport, while the branches of meteorology that would be the most important to social and economic progress,
such as climatology, agrometeorology and hydrometeorology, are non-existent or poorly supported.
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The second paradox is that of imbalance as an institution on the national scale, since the State has a narrow
concept of the role of the Meteorological Service in development and only grants it a subsistence income,
although if meteorology were properly understood it would have a high potential for fostering social and economic progress.
The third paradox lies on the international scale in the imbalance in the distribution of meteorological
knowledge and resources between the north temperate zone of the industrialized countries and the tropical
zone in its widest sense, where most of the developing countries are to be found. Eighty per cent of world
resources for meteorology, pre-eminently a global science, are concentrated in the north temperate zone.
Tropical meteorology, progress in which would benefit two-thirds of mankind, lags considerably behind for
lack of adequate networks, qualified staff and funds. This lag hampers the progress of world meteorology,
for the tropical zone, in receiving the greater part of the solar energy radiated to the globe, plays a driving role
in the general atmospheric circulation.
These paradoxes of imbalance on the international, national and internal level between the points of interest most fruitful for scientific and economic progress, form the major contradictions in world meteorology
today as regards the development of new countries. To remedy this situation, a large number of converging
actions will have to be taken on the three corresponding levels.
At the internal level of the Meteorological Services in question, the basic action to be taken is to draw up
the plan of reform referred to earlier. This detailed plan would define the necessary new resources in qualified
staff, land, buildings, equipment and, lastly, funds needed over the coming years. These resources would be
specified in terms of a programme of activities designed to meet not only international but also national obligations. The latter would have to be carefully justified in terms of the development planning priorities recognized
by the State.
At the national level, the responsible governmental and administrative authorities would have to make
decisions on the conclusions of the plan and embody the redefinition of the functions of the Service and its
resultant structure in legislative texts. As a generator of a more suitable budget, such legislation would implement the reforms envisaged in successive phases.
At the international level, bilateral and multilateral aid should be given in the context of this reform.
Existing assistance is all too often poorly absorbed due to lack of adequate infrastructures. Drugging an
unhealthy meteorological organism should not be confused with restoring it to health. The crucial point, it
must be stressed here, is the training of qualified meteorologists and exchanges of staff. The help given by rich
countries to Meteorological Services in poor countries would be more effective if it consisted not only of equipment or fellowships but also of qualified specialists. The priority requirements for meteorologists in advanced
countries lead to a continual reduction in the number of good experts available for meteorological co-operation
with poor countries.
The advanced countries will thus have to agree to increase the numbers of their professional meteorological
staff by a few per cent so as to allow a constant flow of specialists in tropical meteorology towards the countries
of the Third World. They will have to organize development co-operation units within their Meteorological
Services and set up more chairs of tropical meteorology in their universities. More young, newly trained meteorologists would thus be drawn to a career in co-operation and tropical meteorology. They should be able to
complete training periods in tropical areas to work on theses or degree projects selected in the fascinating field
of tropical meteorology and the direct transfer of knowledgg that would result would greatly help in establishing
a better balance in the distribution of world mgtgorological strengths, with universal benefit.
Economists are well acquainted with the feed-back phenomenon known as the vicious circle of underdevelopment. The many causes of underdevelopment hamper the improvement of human and natural resources
and lead to poverty which in its turn leads to the re-emergence of the causes it is wished to combat. The same
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holds in meteorology. For example, a stagnating Meteorological Service will give young university graduates
no inducement to take up a career in meteorology, with the result that without an influx of dynamic qualified
staff the Service will continue to stagnate. The action proposed above will provide the blows, both internal
and external, needed to break the vicious circle of underdevelopment with regard to meteorology in the countries concerned.
The cost of Meteorological Services
The optimum budget for a Meteorological Service may be defined in terms of the Gross National Product.
The ratio between this budget and the Gross National Product should decrease as development (measured by
the per capita Gross National Product) progresses. We have proposed a decreasing logarithmic curve going
from a budget/Gross National Product ratio of 0.00075 for a per capita Gross National Product of US $100
to 0.00015 for a per capita Gross National Product of US $4 500. Although these provisional figures still have
to be accurately determined on the basis of an objective inquiry, they support the conclusion that the poorer
a country, the more powerful the meteorological engine has to be to ensure a good social and economic start
through making full use of resources of meteorological origin.
Four interconnected reasons justify a relatively larger meteorological budget in poor countries: namely,
the cost of meteorology as applied to development, the cost of a solidly based organization dividing the country
into regional sub-directorates, the cost of closely unified research, application and training and, lastly, the cost
of rising international obligations.
Applications
It was explained above how in industrialized countries, the mass and specialist customers for Meteoro-

logical Services themselves ensure that information on weather and climate are applied in the various sectors
of the economy. In underdeveloped countries, the masses are uneducated and the specialist customer is the
State, which is in charge of development planning. The number of specialists at the State's disposal for ensuring
the application of meteorological information is low. In addition, these specialists are poorly informed of the
opportunities offered by meteorology. Thus it is essential that the Meteorological Service itself make the necessary moves towards the application of meteorology and actively encourage the influence of meteorology on
development. To achieve this, the Meteorological Service must be able to draw not only on conventionally
trained meteorologists but also on applied meteorologists (such as agronomists, hydrologists, engineers and
economists, who have had additional training in meteorology). The latter will be able to initiate a real dialogue
with their colleagues in other State services and see that meteorology plays its proper part in development.
Regional sub-directorates

Many Meteorological Services in poor countries concentrate their limited resources on their national centre
and after that on the synoptic station network providing the data for the daily work of the centre. The networks
of small but numerous climatological and rainfall stations are consequently neglected for lack of resources.
Too great a degree of centralization is inevitably accompanied by a deterioration of meteorological activity
throughout the rest of the country, which frequently covers a vast area. Under actual conditions, the interior
of the country is generally where applied meteorology faces its real practical problems. A high degree of decentralization at the provincial level through a solidly based organization of networks and regional centres and
constant contact with these provincial authorities and the actual situation in the interior are necessary conditions if the Service is to contribute effectively to development planning.
Reorganization of the basic climatological networks, in particular the raingauge network, and the circulation and use of the monthly data they provide is a task requiring endless patience but with tremendous rewards
for the national economy. To redirect activity towards meteorology at water and soil level, and at the level
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of agricultural and hydraulic applications, and to ensure that this type of meteorology reaches throughout
the country are priority goals which will restore tropical meteorology to its true role of a development science.
Unification of research, application and training

Meteorological activity in rich countries is mainly divided between the Meteorological Services and the
universities. The former have operational and research functions that are often separated by the establishment
of centres or laboratories specially for meteorological research. Specialized departments of universities are
responsible for training meteorologists and share research activities with the Meteorological Services. Fundamentally, these departments carry out research of a basic nature. The Meteorological Services carry out, in
addition, work which is more particularly orientated towards applications.
In developing countries, meteorological research needs to bear a direct relation to development applications and to the building up of knowledge in the geographical framework of its applications. The separation
of operations from research in the Meteorological Services is not recommended. Collecting facts and interpreting them for applied purposes makes up a whole that ought not to be broken if its hope is to keep the
profitability of Meteorological Services high. University training in meteorology, where the country is fortunate enough to have it, must be closely linked to the Meteorological Service to enable the latter to guide
teaching activities to meet national needs. In conclusion, it is necessary that in the developing countries a
planning policy for meteorological activities should be drawn up and carried out. This policy should be orientated
towards development and should make better provision for combining research, training and applications.
The initiative for this should be taken by the Meteorological Service. This would require more centralized
facilities and the cost of the Service would be relatively higher.
International obligations

In developed countries, the international obligations of Meteorological Services arise from national needs,
inter alia the need to improve the quality of weather forecasting under pressure from an informed, exigent
clientele. For the Meteorological Services of advanced countries, there is thus symbiosis between national and
international obligations.
The situation is different in poor countries where limited funds and, more particularly, the historical background of meteorological development have given rise to competition between international and national
obligations to the detriment of the latter. In conclusion, it is for this reason, together with the three preceding
reasons, that the relative cost of the Meteorological Services of developing countries - their operational budget
in terms of the Gross National Product - has to be higher, the lower the standard of living. It seems that, in
general, aiming at multiplying the total actual budget of these Services by a factor of three is to be advocated,
in order that they may be able to meet their growing international commitments and build up, often from
scratch, a Meteorological Service to contribute to national development. It should be noted here that the total
deficit in meteorological budgetary resources in the poor countries is to the total volume of aid as 15 or 10 to
one. This proves that the weakness of the Meteorological Services concerned can be cured only by internal
assistance, that accorded by governments to make their Meteorological Service budgets better suited to the
present role of meteorology, particularly to its role in coming decades.
Future role of meteorology

Since the terror ofthe year 1000 which was held to mark the end of the world, people have been little moved
by the announcement of catastrophe. However, the figures are there to prove that the year 2000 and following
decades will be periods of increased destitution and want for the underdeveloped nations unless the world is
wise enough to take action now to bring down the rising curves of misfortune. With a population growth of
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over 500 million per decade, the biosphere in the year 2000 will have to feed six and a half thousand million
people, of whom nearly eighty per cent will belong to the world of the underprivileged. The stagnation, and
at times the decline, of food production per head in poor countries is drawn attention to regularly by the highest
competent authorities.
Meteorological Services arose from the acknowledged necessity to give better satisfaction to human needs,
all of which in the long run depend on the atmospheric environment. In the decades to come, these needs will
grow exponentially. It looks as though there will be serious crises in the fields of food, power and water supplies,
particularly in the developing countries, which are the victimes ofthe population explosions which have occurred.
Each acre under the sun must produce as much as possible. The fresh water supplies of the continents must be
so distributed through large-scale schemes to ensure that the ten-fold greater needs of towns, irrigation, energy
and transport may be satisfied. Saturated with human activity, the planet will slowly change its climates. At
the same time, meteorology will make decisive progress in its knowledge of the laws of the atmosphere, in
weather forecasting and in the understanding of climatic change.
The World Weather Watch has initiated the advance toward this scientific progress with the participation
of all the Meteorological Services of the world. From this world effort led by WMO, developing countries will
be able to obtain social and economic benefits that will be on a measure to deal with their problems, provided
that they grasp the importance of applied meteorology and that they give better support to their Meteorological
Services.
The century that preceded the founding of IMO in 1873 was that of the precursors of meteorology,
then an embryo science looking for its theoretical bases in the physical and chemical laws that were just being
enunciated and taking its first observations with newly invented instruments.
The century which is ending now was at first the century of the establishment of national Meteorological
Services as a result of scientific and socio-economic needs. Subsequently, it became the century in which the
theoretical and operational problems of meteorology became increasingly internationalized. This internationalization, which was the work first of IMO and then of WMO, was built up from the particular to the
general: by collecting on a synoptic scale the observations made by countries, by progressive conquest of the
third dimension which has been opened up, from ground level up to ever increasing heights. In the realm of
theory also, progress has been even more along the path from the particular to the general, from the local to
the planetary scale. That is why this century may be described as the century of analytical meteorology.
The century ahead starts off with a huge capital of theoretical knowledge, renewed technical resources
and a solid framework of international co-operation. The culmination of a hundred years of effort, meteorology
has now reached planetary dimensions, its only true dimension, and in the decades to come will expand further.
Progress in theory will make it a deductive synthetic science. Highly perfected physical and mathematical
models fed into powerful computers will allow accurate forecasts of changes in the atmosphere to be made
from observations on a planetary scale acquired from space by satellite. Changes in ocean currents and in the
components of the hydrological cycle will also be observed and predicted with accuracy. Moving from the
planetary scale to the regional and from the regional scale to the national, additional surface observations
will improve the quality of these forecasts with each scale reduction.
The extension of meteorology to the planetary scale when completed will be a consequence of the forced
extension to the planetary scale of the political, social and economic problems confronting all nations. In our
time the process has hardly begun, but will undoubtedly become essential during the next century, as offering
the best solution for order and peace and for meeting the essential requirements of humanity which will have
reached a critical density for survival in a saturated environment.
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The limitations of national resources, resulting in seeking solutions to political, social and economic
problems on a planetary scale, will rapidly become apparent and will be severe particularly in the field of
resources of meteorological origin. The problems associated with using the climate to the best advantage and
with modifying the climate, as also the problems associated with weather changes, will be the permanent preoccupation of those responsible for world affairs.
For this reason, the science of meteorology will, more than ever before, be recognized as being of prime
importance. The Organization responsible for world meteorology, known today as WMO, and its Secretariat,
will find themselves entrusted with tasks and the means for carrying them out on an unprecedented scale.

INTERFACE OF METEOROLOGY AND HYDROLOGY
IN THE SERVICE OF WATER DEVELOPMENT
by R. H. Clark
(Department of Energy, Mines and Resources, Canada)

SUMMARY
The sciences of meteorology and hydrology have many points of contact and this interface is very important
to water development. Some of the more important points of contact discussed are those essential to the design
of dams and reservoirs, operation and management of water projects including the utilization of lakes, planning
and operation ofhydrological data networks, and river forecasting. Moreover, the determination of man's influence
on the hydrological cycle is increasing in importance in its requirements for the solution ofproblems at the interface
of the two sciences.
Much progress has been made during the past quarter-centUlY in the development of techniques to utilize the
information from the interrelationship of these two sciences but much is still to be understood to ensure an even
more effective application of hydrological and meteorological data to development of water resources. The specific
attention to the interface of meteorology and hydrology which IMO initiated a quarter-centUlY ago, subsequently
intensified by WMO and accentuated by the International Hydrological Decade, has spurred applied research
on the interrelationship of meteorology and hydrology. International programmes in hydrology and meteorology,
such as those underway by WMO and involving both applied and basic research, can enable one to predict with
corifidence that the required results will be forthcoming to serve water development more effectively.

Water-resource development, or water development, is a comprehensive term embracing all aspects of
the utilization of water resources. It includes hydro-electric development, irrigation, flood control, use of
water for industry, river navigation, water supply for human consumption and recreation. This means that
the experts directly concerned with water-resource development include engineers, agriculturalists, industrialists,
public health officials, meteorologists, hydrologists, economists, sociologists and perhaps others. Water pollution, a consequence of man's misuse of related land resources and of water as the "universal solvent", is a
vital aspect of water development.
The steady, relentless increase in the demand for water stimulated by population growth and economic
development, as well as an inefficient use of water and the pollution of water supplies, has raised, and continues
to raise, serious problems. The net population increase is estimated by the United Nations to be close to
200 000 persons per day at the present time, which means an increase of about 72 million people a year. Assuming about 500 tons of water are required for each person during the year for all purposes, including irrigation
and industrial use (and this is not an unreasonable estimate), the world population increase for one year alone
creates an additional annual demand of some 36 thousand million tons of water. This does not mean that
that amount of water would be consumed or irrecoverable; it could be used again and again, but it would have
to be obtained from the world's waterways or from the ground.
As the needs and uses for water grow, it will become increasingly difficult to locate and process the water
to meet these needs. The initial development of a portion of the water-resource potential of a basin may not
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require an accurate knowledge of the basin's hydrology but, if the potential of the basin is to be realized, or
the remaining potential is to be developed, the hydrological characteristics must be fairly well known; in other
words, more and more data are required to use less and less water. Although there is still much to learn, man
now has the technological ability to know what must be done if the industrial and commercial possibilities of
the water resources of a country are to be developed effectively.
Meteorology, dealing with the study of the atmospheric phase of the water cycle, has an important role,
not yet fully elaborated, in the study of water problems of the world. Where the atmospheric and terrestrial
phases of the water cycle meet there is a complex of problems with which this lecture is concerned. It is for the
effective solution of these interrelated problems that we are continually striving in order to aid the development
of a water resource.
Historical bigWights

Hydrology is a relatively recent science. Although the tercentenary of hydrology will be celebrated in 1974,
to honour the beginning of quantitative hydrology, it did not really become operational and a useful, dynamic
and indispensable tool in water development until early in the present century.
The development (1) * of the science even at the beginning of the eighteenth century was extremely modest,
and very few fundamental principles had been realized, let alone universally accepted. The knowledge that
was available at that time had really been developed during the seventeenth century when there was a concerted
attempt to establish some hydrological and meteorological principles on an experimental basis. We can note
that the approach to the study of water resources has not yet been compartmentalized.
The major contributors of these experiments were Pierre Perrault, Edme Mariotte and Edmund Halley.
Perrault proved for the first time that rainfall is adequate to sustain streamflow. Mariotte's investigations
confirmed this conclusion. He also prepared a treatise on the motion of water including the hydraulics of
open-channel flow which had considerable bearing on the later developments in the sciences of hydraulics and
hydrology. Halley, the astronomer, proved by calculation that water evaporates from the oceans and comes
down as rainfall in ample amounts to sustain the flows of rivers. The concept of the hydrological cycle was
firmly established by these investigators, who used quantitative results to prove their hypotheses.
By the end of the eighteenth century most of the misconceptions of hydrology which had been enunciated
by the Greeks about 2 000 years previously had been debunked. The eighteenth century saw considerable
development in the field of surface-water hydrology, such as, for example, the instrumentation developed by
Pitot, which revolutionized the method of measuring velocities of rivers. Considerable strides were made in
quantifying discharge and the most laudable efforts in this respect were those of DuBuat and Chezy.
I found Publication No. 345 of the World Meteorological Organization (2) extremely interesting and
informative. However, it is only when one reaches the chapter dealing with the activities during 1960-1963
that the Organization appears to have given formal recognition to the important implications of meteorology
and hydrology to the field of water-resource development. A closer scrutiny of the IMOjWMO history provides
a slightly different emphasis.
The International Meteorological Organization had, in fact, created a Hydrological Commission and the
first two resolutions adopted by the Conference of Directors at the meeting in 1947 approved recommendations
from that commission. The first of these resolutions dealt with a report on the status of Hydrological and
Meteorological Services and the second dealt with the regional co-operation in hydrology relating to: (a) the
exchange of synoptic hydrological data for river forecasting; (b) hydrological studies; (c) networks of observing
* See references on page 132.
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stations and their equipment; and finally, (d) the methods of presenting the data. The conference also considered
the importance of collaboration between its Hydrological Commission and such scientific organizations as
IUGG. These resolutions concerning hydrology were forwarded to the WMO which accepted them at its first
Congress. Each of the subsequent Congresses identified the field of operational hydrology more and more as
a part of WMO's responsibilities and the necessity for accepting the responsibility for the entire field was recognized by Sixth Congress.
I thought it would be useful to recall briefly not only some historical milestones of hydrology as a science,
but its history in the IMOjWMO activities, since the interface of meteorology and hydrology in the service
of water development is often underestimated by both meteorologists and hydrologists. It is the operational
aspects - in most cases involving mainly the engineer and the economist - that need increasing emphasis
and, in fact, more publicity, particularly at the national levels. It is obvious that there has to be a substantial
tie between water policies and national economic development and consequently with economic policies. However, the importance of water resources in all their aspects is often neglected, sometimes with embarrassing
and occasionally with disastrous results. Therefore, it is important that the economic value of the data and
services provided by meteorological and hydrological agencies be fully understood by those formulating these
policies.
Some basic issues
One of the problems basic to the development of water resources relates to the acquisition of adequate
data, not only for planning but also for management or operational purposes, particularly in view of the keen
competition for funds. Important problems now arise for data networks because of the scale of water developments which often involve territories with difficult and costly access requiring the development or adaptation
of new inventorying techniques and technologies. A second important problem relates to the increasing
sophistication required in the design and operation of mUlti-purpose projects, not only to optimize the use
of the resource but also to minimize adverse environmental effects. Essentially, this means improved techniques
in the analysis and use of data for design and operation of projects which, in turn, require a better understanding
of the interaction and interrelation of the meteorological and hydrological elements involved. The development
of mathematical modelling techniques has been an important step in extracting more information from various
types of data being collected, and in improving operational forecasting. The scope for a more effective use of
this technique is practically limitless. There are many specific problems requiring solution that could be listed.
For example, it would appear that a relatively new problem has arisen in the field of air and water pollution
which requires investigation and solution, viz. the probability of a substantial transport of pollutants by air to
water bodies.
Interrelationship of data networks
Probably one of the basic impediments to the effective development and management of water resources
is insufficient data for design and operation of projects. As I implied earlier, the need for data and information
increases exponentially as the water used for supply or for waste transport approaches the natural limit. A
further constraint is the demand for minimizing adverse environmental effects of water-development projects
which means a more sophisticated design and operation. Therefore, more and better data are required together
with a better understanding of system interactions. However, the problem here cannot be solved effectively
by more and more data uncritically collected. As long as data are treated as a free good, users will continue
to demand more and more data but if a price were put on data then the worth of additional data would undoubtedly be weighed more deliberately. Data-collection and analysis programmes should be guided by the amount
of useful information they provide relative to the input effort. There have been some advances in the field of
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data networks such as in the use of the concept of regionalization as a technique of information transfer (3).
There is a growing acceptance that when precipitation and streamflow networks are designed conjunctively,
each data network can provide information on the other with a resulting economy and an advance in the understanding of hydrology. WMO has been particularly instrumental in improving network design practices and in
advancing the principles of joint network design. The concept of joint design of streamflow and precipitation
networks is becoming more prevalent. As an illustration of this activity, Environment Canada recently carried
out an extensive investigation to determine the effectiveness of indirect estimation of hydrometric data, Le.
information or data transfer from one station to other places and times within specified errors of estimate, and
the use of data from one network to provide information about another kind of data. The studies demonstrated
that statistical and deterministic relationships can be estimated for hydrometric, climatic and terrain data and
that the use of these relations can replace, in some cases, the direct collection of data on some phases of the
hydrological cycle (4). These studies also showed that the accuracy of interpolation improved progressively
from simple isoline techniques to the multiple correlation techniques which use terrain information, and finally
to the more complicated models which combine or interface the hydrological data with meteorological and
terrain data. The main conclusion of the studies was that the improvement of data-transfer techniques and
the combination of various data sources regarding interrelated fields are likely to enhance significantly the
information content of the data or, expressed another way, to increase the accuracy of data transfer (5).
The problems encountered in design of water resources projects with insufficient data were the subject of
a very interesting symposium held in Madrid in early June of this year and co-sponsored by WMO (6). Attention
was focused on the methodology of hydrological studies for water-resource projects based on inadequate or
insufficient data and on the current practices for assessment of design parameters. However, the question
of how much hydrological information is necessary for the design of water-resource systems was not answered
satisfactorily and perhaps this question can be answered only in terms of a given situation. The problem of
adequate hydrological data is part of the broader issue of water-resource system planning so that such data
form but one of many variables to be considered. Intuitively one may feel that the overall cost of constructing
and operating water-resource projects decreases with the amount of available hydrological data. However,
the collection of additional hydrological data would involve not only increased costs in network operation
but also those costs that would result from a delay in construction of a project, including the benefits foregone
while the additional data are being collected and processed. This problem of data adequacy can be approached
by calculating the expected opportunity loss that might arise from a programme designed to obtain additional
hydrological data, and the expected value of the information (7). A net gain from the additional information
would be indicative that the existing hydrological data are insufficient. The total cost of the project would be
the sum of the actual cost of its implementation and the cost of obtaining the data prior to planning. The
minimum point of the total cost curve would define the "adequate" amount of hydrological data. An analysis
of this type would be useful in providing some quantification, at least, of the needs and adequacies of hydrological and meteorological data for water development.
Spillway and reservoir design

It is probably in the area of engineering design of water-development projects and of their operation that
the interface of meteorology and hydrology is most important (8). The two main areas of mutual interest are
precipitation and evaporation. Good reservoir design requires a knowledge of these two basic parameters and
their effect; that is to say. the water supply provided through precipitation and the water loss throughevaporation. The design and operation of the spillway in a dam forming a reservoir is an extension of the same problem.
The spillway is actually the safety valve of the dam so that it must be capable of permitting the escape of flood
waters to prevent overfilling of the reservoir and the danger of overtopping the dam with resulting damage to
the dam - perhaps even its failure, not to mention the devastation that could be caused downstream.
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The need for a reasonable reliable estimate of the magnitude of extreme floods that could occur provided
one of the earliest opportunities for co-operative and successful effort at the interface of meteorology and
hydrology (9). In reservoir and spillway design, two sets of safety criteria are considered. A maximum safety
factor is usually applied to spillways on important dams, such that the spillway can pass a very extreme flood
to minimize the hazard from failure to people and property downstream. If a sufficient length of streamflow
record were available, an extreme-value frequency analysis could produce reliable estimates of flood magnitudes
for a return period up to and a little beyond the period of observed or synthesized flows on a river. Unfortunately, extreme flow records have generally been kept for too few years to permit a reliable estimate of extreme
floods by statistical methods.
The designation given to the very extreme magnitude flood for use in sizing a spillway is the probable
maximum flood, viz. the flood which could occur from a probable maximum storm on the basin, or from a
combination of probable maximum rainfall and a maximum snowmelt which could occur at the same time.
Derivation of the probable maximum precipitation has generally involved storm maximization and transposition (10).
The use of these estimated probable maxima have sometimes led to estimates of flood far exceeding
anything which has been recorded in the drainage basin under consideration. Consequently, considerable
controversy has developed among engineers over the justification for using such extreme values in design.
However, subsequent records have shown that precipitation has approached very closely in some instances
to the probable maximum estimated for the storm location so that the procedures and results of these studies
would seem to be justified. In addition, the Observed maximum flood flows of some rivers have closely approached
those estimated by this technique for these rivers.
In cases where the degree of safety does not warrant provision for the occurrence of a probable maximum
storm, the structure may be designed to accommodate the runoff from the largest recorded storm over or near
the basin. The technique used here is to transpose and orient such a storm over the basin to yield the maximum
runoff. This type of storm is sometimes referred to as a "project" storm.
This concept of storm transposition and orientation increases the storm experience of a basin by considering
not only the storms which have occurred over the basin but also those from "meteorologically similar" regions.
Two difficult problems arise: the first is the definition of a region of meteorological similarity - generally a
subjective definition by an experienced synoptic meteorologist familiar with the area; the second is the amount
of change and orientation of the storm rainfall pattern that can be permitted. The subjective approach in this
technique will, I am sure, gradually be superseded by a more objective approach, as knowledge of storm mechanisms increases.
In many parts of the world the largest floods are caused by snowmelt which may be augmented by rainfall.
In assessing the largest contribution to flood flows that can arise under these conditions, the two main factors
to be determined are the maximum snow-cover accumulation and critical melting rates. There are two techniques in use for estimating the maximum snow accumulation: the partial seasonal method and the snowstorm
maximization method. The partial seasonal method assumes that a combination of greatest observed snowfalls
for the given interval of time during the period of record can be combined, regardless of the year of occurrence,
to produce a synthetic year of very high snowfall. The second technique involves a maximization of moisture
content for each of the storms which have occurred over the basin during several seasons of greatest recorded
snow accumulation. This technique is similar to that used in maximizing storm rainfall. However, there is
still a considerable element of uncertainty in the two approaches with the present state of knowledge and it
is generally considered prudent to use both of these techniques in any investigation of maximum snow accumulation.
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The snowmelt rate is the other main factor in determining the snowmelt contribution to flood flows. The
critical rate is that which, when applied to the maximum snow accumulation and combined with the probable
maximum storm for the snowmelt period, produces the probable maximum flood. The critical rate is derived
by relating snowmelt to the pertinent meteorological parameters and then ascertaining those values of the
parameters which will produce the critical rate. Obviously the most important of these parameters is the air
temperature. Since long records of temperature are generally available at stations within the basin, it is often
assumed that these records will have yielded temperature sequences near the maximum possible or, in other
words, the critical temperature sequence.
The use of large lakes or the creation of large reservoirs for water-development projects raises problems
not only in design but also in the operation of such projects. The variations in water levels of large lakes and
reservoirs and the role of meteorological factors influencing them creates a complex problem for the hydrologist.
Some variations in water levels may be due to artificial controls. Indeed, in some of the smaller lakes and
reservoirs, such controls may mask the effects of the physical and meteorological influences on the water bodies
and even change the hydrological regime completely. On the other hand, the size of the water body together
with the gains through precipitation and the losses through evaporation involve such large forces that man's
efforts in controlling these effects are comparatively small. However, areal estimates of precipitation over large
lakes are not as accurate as those over the land areas of a watershed. In fact, there are indications that annual
precipitation measurements over large water bodies are five to ten per cent less than corresponding measurements
over land. This deficiency would have a seasonal variation and would be greatest in the summer. In arriving
at a good estimate of areal precipitation, the matter of a representative distribution of the gauges is a critical
one so that in the case of large lakes and reservoirs, the problem is still unresolved. Even more difficult to
obtain are accurate evaporation losses from large water bodies. Standard evaporation-pan data may be representative for small water bodies but other approaches are necessary to estimate the monthly and annual losses
from larger bodies because of the heat-storage factor. Three basic methods are in general use: (a) the water
budget method which is an accounting of the gains and losses of water in the water body; (b) the energy-balance
method, which takes account of energy gains and losses with the evaporation energy as dependent-variable
(the use of this method depends upon the availability of year-round data on water temperatures at depths in
order to estimate the heat-storage term), and (c) the mass-transfer method, which is used most frequently since
it involves the observations of only three factors which are generally available: wind speed, humidity of the air
and surface temperature of the water body.
The procedures used in the preparation of data and in the application of the foregoing techniques are well
documented in publications such as those of WMO (11, 12).
Operational Oow forecasting

Often during construction of a project, the hydrologist is called upon to prepare forecasts of strearnflow
to enable remedial measures to be taken, such as the removal of machinery from the construction site should
a flood threaten. More importantly, when the project is completed, it is essential to have an operating plan
in order to realize the maximum return from the investment and to minimize any potentially adverse environmental effects. The better the forecasts of streamflow, the more effective will be the plan. Flood forecasts are,
of course, of most importance on uncontrolled streams along which there are large concentrations of people
and industrial development, although many such rivers are now subj€ct to some degree of flow control.
Even though there are some single-purpose water-development projects in operation, projects designed
to serve a number of purposes now dominate the water-resource development field. Such multi-purpose projects
are an essential concept in the maximum and efficient use of the world's available water supplies. A multipurpose reservoir, for example, may serve such conflicting purposes as flood control (where the reservoir is
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most effective when it is empty before a flood) and conservation for water supply (where the reservoir has the
greatest potential value when it is full). This conflict can be solved by allotting definite space in the reservoir
for each purpose. A much more cost-effective solution can be obtained if good weather and streaInflow forecasts can be made available. Based upon such forecasts, the space for the various uses can overlap so that
the reservoir can be kept full for conservation purposes and, upon advance warning of an impending flood,
some of its contents can be discharged to provide space for flood control.
There are two basic approaches to streaInflow forecasting which are distinguished by spatial scale. On
large rivers, the lag between the rainfall or snowmelt event and the resulting peak flow at a downstream location
may be sufficiently long so that river forecasts prepared by purely hydrological methods can be used. The
basic techniques rely, of course, on streaInflow routeing. Although depending largely on flood-routeing procedures, forecasts of flows on large rivers can usually be improved or extended in time by using the most recent
meteorological data and forecasts.
On smaller rivers, or those with smaller drainage areas (approximately I 000 sq. km or less), river forecasts
must be based on meteorological data and forecasts. The volume of runoff is predicted from forecast rainfall
by means of rainfall-runoff correlations. The runoff is then distributed in time on the basis of the characteristic
hydrograph of the stream so that the forecast hydrograph of streaInflow integrates the effects of the basin
constants such as drainage area, shape, stream pattern, channel capacities, slopes, etc.
There would not be a single case in which the effectiveness of a streaInflow-forecasting operation could
not be improved by greater accuracy and range of weather forecasts (13). Forecasts of amount, time of occurrence and areal extent of precipitation for periods of a few days to several months are needed. Of course, when
a forecast deals with snowmelt, temperature, humidity and wind forecasts are also required.
With the introduction of high-speed computers, the trend in river forecasting methods has been towards
the direct use of more meteorological and hydrological parameters and of mathematical models of river systems.
These models may be divided into three broad classifications: those modelling the general atmospheric circulation
but not the effects of the land and ocean phases of the hydrological cycle; those modelling the land phase of the
hydrological cycle containing the air-land or meteorological-hydrological interface; and those modelling the
total atmosphere-hydrosphere system including the global atmospheric circulation and the land and ocean
phases of the hydrological cycle.
Models in the first class, Le. the meteorological models, are of fundamental importance to those of the
second class, or hydrological models, since the main input to the latter is precipitation. At the present time the
precipitation input to hydrological models for forecasting streamflow consists mainly of recorded precipitation
data which, of course, liInits the time between forecast and event. Generally, relatively simple hydrological
models are in use since operational streaInflow forecasting requires a rapid computation of the output, and
large high-speed computers are not always available under operational conditions. If a meteorological model
could yield precipitation data with sufficient precision and time advantage it would be an invaluable contribution
to the hydrological model and the two could be interconnected, with considerable advantage to water-resources
management and, ultimately, to the public. There could be feedback from the hydrological model to the
meteorological model as well, since the former can yield data on evaporation on a continuous basis from land
surfaces which could improve data input to meteorological models.
One of the basic problems of combining meteorological models and hydrological models to obtain a model
of the total atmosphere-hydrosphere system is that of scale. Both meteorology and hydrology use the three
significations of macro-, meso- and Inicroscales, but their dimensions are somewhat different in the context of
the operational uses in the two spheres. Even though significant advances have been made in recent years in
the development of atmospheric models of large-scale motions, there have been only marginal improvements
in the forecasting of specific weather elements in local regions. Yet, it is in this area of forecasting of such
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elements as precipitation and temperature at the earth's surface that would be of most value in improving hydrological forecasts. It is bridging this gap from the macroscale in meteorology to its mesoscale that is critical
to improvement in hydrological forecasts, since the mesoscale of meteorology is about equivalent to the macroscale of hydrology. The boundaries in hydrology are usually defined by the physical characteristics at the earth's
surface delineating a basin. The macroscale of hydrology would relate to large basins of over, say, 1 000 sq. km,
while the mesoscale would relate to those basins with dimensions of the order of 400 sq. km or less. The
microscale is generally concerned with point measurements and, in hydrology, it specifically embraces those
processes occurring within elementary runoff plots or soil profiles. For example, a detailed physical analysis
of infiltration processes based on thermodynamics could be considered as part of microhydrology. Unfortunately, hydrological models of microhydrology are as divorced from the meso- and macro-hydrological problems as the hydrological models in general are isolated from meteorological models.
One could illustrate this problem of spatial scale by reference to the present quantitative precipitation
forecast maps. These maps which are based primarily on large-scale numerical forecasts are not of sufficient
accuracy for application to water-management requirements in small or medium-sized basins. A displacement
of 50 kilometres, for example, in the location of a precipitation area between the actual and forecast locations
may be considered negligible from the "large-scale" point of view in numerical prediction, but would probably
be critical in terms of local water management. The problem is even more pronounced in mountainous areas
where relatively large amounts of water for power generation and water supply may originate and where many
reservoirs are located. In these regions the scale length of relief features, which strongly influences precipitation
and evaporation, is commonly much less than either the grid lengths employed in numerical meteorological
analysis and prediction or the distance between surface meteorological stations. Moreover, station representativeness with respect to elevation ranges and other topographic features is generally poor. Runoff from melting
snow in the higher mountain regions complicates streaInflow forecasting even more.
Although many investigators have employed mesoscale relief and other factors, as independent variables
in equations for modelling mean precipitation and evapotranspiration over small basins with relatively dense
networks of meteorological and hydrological stations, further work is needed on the problem of transposing
such models to larger, data-sparse areas. Such studies should be of direct interest to the meteorologist concerned with local weather analysis and forecasting. In summing up, therefore, there could be at least three
major advantages to water development if operational models representing the total atmosphere-hydrosphere
system could be made available:
(a) Improvement in short-term forecasting of extreme hydrological events such as floods and droughts;

the socio-economic advantages of being able to provide accurate forecasts of such events are obvious;
(b) Such models could provide the basis for the formulation of a mathematical model of global climate,

which would be useful for evaluating the effects of deliberate and inadvertent artificial climate modification, as well as climatic changes; they could also be useful for long-range hydrological forecasting;
(c) Such models could lead to improved numerical weather forecasting since, when the period of forecast
exceeds a few days, the evaporation from the earth's surface becomes significant.
However, in order to achieve these advantages, it will be necessary, as a first step, for the meteorological
model to correspond to scales of the hydrological model and the latter would require a high resolution and
variable grid. Moreover, data, such as evaporation, that are an output of a hydrological model, should be on
a continuous time basis for purposes of a meteorological model.
I was very interested and encouraged to learn from Mr. J. S. Sawyer's lecture "Weather forecasting - its
past and future" that considerable progress has been made in developing models with mesh lengths of the order
of 10 km for forecasting for terms of several hours. The justification for continuing research on these finemesh models for which he was searching can certainly be found in their practical application to hydrological
forecasting of flood flows.
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During the past few years there has been a proliferation of mathematical models designed to simulate all
parts of the land phase of the hydrological cycle. In view of this, the Commission for Hydrology *, at its third
session, recommended that a project be undertaken to assess the various conceptual models that are in use for
hydrological forecasting. This project is well under way. Operational models have been submitted by various
agencies for use in the intercomparison procedure, and verification criteria as well as the methodology for the
correction of standard data sets to be used in the evaluation of the models have been established. Data sets
have been received by the WMO Secretariat and information on them has been circulated to participating
national agencies for choice of data sets and subsequent model runs. The verification and evaluation of the
results should be completed in early 1974. It is hoped that this project will yield guidance for future modelling
and will indicate the value and effectiveness of existing models for specific purposes.
Significance of WWW to water development

Some of the obstacles in the way of improved data collection and streamflow forecasting will, hopefully,
be overcome by the World Weather Watch programme ofWMO. This could well be one ofthe most important
programmes in developing the joint application of meteorology and hydrology to lend a more effective service
to water development. However, it is not yet clear in what specific areas the WWW programme can be effectively applied for hydrological purposes. Nevertheless, noting the advantages to meteorology, the benefits to
Meteorological Services which the programme has already provided, and the effective way in which the programme is being executed, the hydrological community is anxious to take up the offer by WMO to participate
and take advantage of WWW. At the present stage of its development, WWW is not capable of providing
detailed synoptic information, data storage, and handling, for the very wide range of hydrological needs and
elements. It is for this reason that a few case studies in various regions are being proposed to define the highest
priorities of international hydrology in specific regions and to test the experimental capability of WWW systems
for meeting these needs (14). These feasibility studies should provide a basis for improving and expanding
hydrological applications as WWW and relevant technologies continue to develop.
Weather modification

During the past few years, there has been increasing emphasis placed on the evaluation and assessment
of man's influence on the environment and on the hydrological cycle. Although estimates are made of these
effects, they are often more of the order of "guesstimates", since one can cite examples of almost diametrically
opposed predictions or evaluations which have apparently been based upon the same data. Obviously, meteorology and hydrology must play a larger role since these evaluations and assessments are primarily determined
at their interface.
Of particular interest during the past few years are the efforts which are being made in weather modification, and more particularly in inducing precipitation by cloud seeding and the melting of snow and ice covers
by dark dusting techniques, and even the control of evaporation by using monomolecular films.
Efforts to increase precipitation to augment water supply could conceivably alter future programmes of
water-resource development. The achievement of any substantial amount of such control will certainly complicate the lives of hydrologists and climatologists. For example, what can be substituted for the techniques
of statistical analysis of records which are now frequently used in calculating probabilities for design of projects
when the records are the result of partial control of a weather element? Considerable effort has been devoted
to the assessment of numerous attempts to augment rainfall by cloud seeding (I5). At the present time, the
consensus on the practicality of the use of this technique to enhance a water resource seems to be one of

* Formerly "Commission for Hydrometeorology".
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cautious optimism. Water-resource management agencies are, of course, greatly interested in the potential
benefit of artificial inducement of precipitation. Expectation of even small precipitation increases has led many
water-resource management agencies to invest considerable sums in programmes to induce precipitation artificially as a routine activity. The benefits or detriments resulting from such programmes would, of course,
accrue to water-resource management and agriculture. There are many ways in which rainfall augmentation
would affect the design of water management projects, such as in the sizing of a reservoir and in the allocation
of reservoir storage to various purposes. However, before the economic benefits of "seeding" programmes
can be determined, the amount of usable water that can be added by such means must be demonstrated. So far
there has been very little attention given to the systematic study of the hydrological effects of rainfall augmentation. Although it is difficult under certain conditions to evaluate the magnitude of artificially induced rainfall
by analysis of streamflow data, any material increases in a seasonal snow cover would probably be reflected
in the measured runoff. The usable fraction of the augmented precipitation would depend upon the timing
of the increases, the nature of the rain, vegetal cover of the target area, underlying geological structure and
degree of artificial control of streamflow.
In the discussion following Professor M. Neiburger's lecture "Developments in weather modification",
Dr. B. J. Mason commented on the singular lack of progress in this field during the past quarter-century and
the need to review the analytical approach to experimental programmes and suggested a first step to this end.
In view of this concern, such a review and future experimental programmes should recognize the potential
offered by the joint application of the techniques of meteorology and hydrology.
Weather modification provides a major challenge (16). Properly used, it could be of substantial benefit
in reducing losses of life, property and income and in facilitating increased food production. In some cases,
it might even improve the quality of the environment. However, it can have some disadvantages to many sectors
of the economy and the public and, if undertaken on a large enough scale, may have potentially disastrous
consequences. Nevertheless, the opportunity and potential benefits for resource management are sufficient
to justify more intensive studies.

Transport of water pollutants
Another aspect of the interface of meteorology and hydrology which is intricately tied up with waterresource development is, perhaps, not too well known. I refer to the transport of pollutants, both toxic substances and nutrients, by the atmosphere and consequent contributions to the pollution loads of lakes and
reservoirs. These contributions can be significant according to the results of studies (17) to determine the contribution of bulk precipitation to the chemical budget of Lake Ontario, which has a surface area of 13 700 sq. km.
Indications are that precipitation may be a significant source of nitrogen and phosphorus to Lake Ontario
with the nitrogen input estimated at 12 per cent to 14 per cent ofthe total from other sources, and the phosphorus input from 5 per cent to 14 per cent. Comparisons oflake surface loadings of heavy metals by precipitation
in the Lake Ontario basin with the estimated Niagara River loadings (the Niagara River contributes about
85 per cent of the average inflow to Lake Ontario), have shown that precipitation may be a significant source
of lead and zinc to the lake. Bulk precipitation loadings were found to be from 15 per cent to 36 per cent of
the estimated Niagara River loadings for lead, and from 58 per cent to 85 per cent of the Niagara loadings
for zinc. PCBs, DDT, and other chlorinated hydrocarbons may well be transported into lake and river systems
by the atmosphere. Indeed, future water-pollution control programmes in many regions will have to take account
of and perhaps seek methods of reducing atmospheric transport of pollutants to water bodies. Internationally,
this represents an increasingly important form of trans-boundary transport of water pollutants.
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ROLE OF METEOROLOGY IN THE USE OF THE OCEANS
by P. J. Meade
(United Kingdom Meteorological Office)

SUMMARY
The marine environment was the main factor which stimulated the growth of meteorology as an international
science with a world-wide organization responsible for the provision of weather forecasts and climatological information. Initially the principal requirements for meteorological services were concerned with the assistance and
protection of shipping but in the past half-century the range of meteorological applications has greatly expanded,
notably in the fields of aviation, agriculture and hydrology. At the same time the demands on meteorologists for
information about the marine environment have also increased both in variety and in economic importance.
In recent years oceanography has been receiving considerable impetus as a result of UN resolutions calling
for intensive exploitation of the oceans and their resources and encouraging long-term and expanded programmes
ofscientific research. WMO must be closely involved in these developments since from its earliest days the Organization, in particular its Commission for Maritime Meteorology *, has necessarily played an active part not only
in marine meteorology but also in the related aspects of oceanography.
In the years ahead it will be more important than ever that oceanographers and meteorologists should work
closely together, indeed to a great extent regarding oceanography and meteorology as parts ofone overall discipline.
Meteorologists must be prepared to contribute in full measure from their knowledge and accumulated experience
in terms ofnetworksfor basic data ofhigh quality, in regard to the complex organization ofservices and in research.

1.

Introduction

This subject in WMO's Centenary Conference is largely one for review and for appraisal of the future.
The role of meteorology in the use of the oceans is not a new subject in any way; it was in fact the subject which
first brought international meteorologists and user interests together some 120 years ago. The first international
conference on maritime meteorology was held in Brussels in 1853 and attended by delegates from ten seafaring
nations with the twofold aims of drawing up agreed procedures for sea routes and for the meteorological logs
to be compiled by the ships sailing on the oceans.
Since these early days when the vision and the determination of mariners inaugurated the development
of meteorology as an international science, meteorology has prospered under the stimulus of the user requirement. Meteorology for its own sake - and the science of the atmosphere is vast enough to permit such activityleads a withdrawn existence, its practitioners in many cases doing brillant work which lacks recognition until
a practical use arises.
Shipping first and then aviation smoothed the way for national Meteorological Services to establish
observing networks which, integrated and co-ordinated by WMO, formed a world-wide system with the telecommunications and other supporting facilities which would permit the operation of forecasting services
* Now "Commission for Marine Meteorology".
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throughout the world. At the same time many other interests have benefited from these developments in meteorology. Agriculture, various sectors of industry, the general public in its working and leisure activities have
all been able to exploit the improved meteorological services that have resulted from developing the organization
required to satisfy a few major users. In this way meteorological services have been able to cover an extremely
wide range of requirements in forecasting and in climatology and its applications. However, meteorologists,
as the scope of their services expands, must always remember that the older customers are not only intensifying
their demands in regard to existing services but also introducing fresh requirements in the pursuit of operational
efficiency. It is also necessary to keep in mind that the observing networks become ever more valuable as the
data they yield serve wider and more exacting purposes.
In the marine environment the role of meteorology is expanding both for services and for research. This
is the case for meteorology as a separate discipline and also, and especially, in conjunction with oceanography
and other disciplines. The new challenges are arising partly from individual users and partly as a result of
United Nations' resolutions which have given a universal emphasis to the need for greater knowledge of the
oceans and for greater utilization of their resources. Just as a series of UN resolutions spurred WMO and
nations to the concept of World Weather Watch, so a later series, since 1966, focused attention upon the oceans
and called for long-term planning and implementation on the part of nations and concerned international
organizations. In accepting these increased responsibilities the co-operating organizations must recognize that
existing networks will be serving wider purposes so that their technical capabilities must be extended and new
observing systems, leading to denser networks, must be established.
2.

The developing role of marine meteorology

The traditional role of meteorology in the marine environment has evolved from simply assisting in the
protection of shipping against adverse weather to the provision of varied meteorological services in the form
of weather bulletins which are broadcast by Regional Meteorological Centres and contain actual weather
reports, analyses and forecasts for the high seas and coastal waters. The WMO body mainly responsible for
this evolution has been the Commission for Marine Meteorology (CMM) and it has owed much to the willing
co-operation of other international bodies concerned with marine affairs, e.g. the Inter-Governmental Maritime
Consultative Organization (IMCO), the International Chamber of Shipping (ICS) and so on.
Tierney (1) *, president of CMM from 1968 to 1972, has described these developments and has paid tribute
to the Voluntary Observing Ships which, from small beginnings over a century ago, have been providing essential
meteorological data from the oceans. These data, augmented since 1947 by the more frequent and more comprehensive reports provided by weather ships on the North Atlantic and other oceans, have been indispensable
to Meteorological Services in carrying out their responsibilities to shipping.
In recent years forecasting services have undertaken new tasks in the marine environment and have been
able to foresee an increase in overall meteorological requirements in the years ahead. The weather routeing of
ships, a service designed to enable ships to navigate clear of the worst weather conditions and thus protect both
the ship and its cargo from damage- and save time on the voyage from port to port, off-shore drilling operations in search of oil and gas are examples of new services, the responsibility for which has been placed directly
upon the meteorologist although some of the parameters involved belong as much to oceanography as to
meteorology.
The co-operation of WMO and of individual Meteorological Services will also be called upon increasingly
as implementation proceeds of the plans for acquiring greater knowledge of the ocean and its resources. These
plans were inspired by UN General Assembly Resolution 2172 (XXI), 1966, and have been discussed in fair

*

See references on page 139.
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detail in what has come to be known as the Ponza Report (2). A joint working party drawn from the Intergovernmental Oceanographic Commission (IOC), the Scientific Committee on Oceanic Research (SCOR),
the Food and Agriculture Organization (FAO) and from WMO met at Ponza in 1969 to consider the scientific
content of a comprehensive programme of international co-operation with the following defined purpose:
To increase knowledge of the ocean, its contents and the contents of its sub-soil and its interfaces with the
land, the atmosphere and the ocean floor and to improve understanding of processes operating in or affecting the
marine environment with the goal of enhanced utilization of the ocean and its resources for the benefit of mankind.
The joint working party conducted its studies under four main headings:
(1)
(2)
(3)
(4)

Ocean circulation and ocean-atmosphere interactions;
Marine biological production;
Marine pollution;
Dynamics of the ocean floor.

It will be evident that in all these subdivisions there will be important requirements for meteorological support

in a "services" context and that for the first and third the co-operation of meteorologists in research projects
will be indispensable.
The importance of this programme to mankind has been described by Behrman (3), who has also given
some indication of the targets to be aimed at. To mention just a few: a potential world fish catch of 200 million
tons a year, more than three times the present harvest; the proportion of the world's oil supplies taken from
off-shore wells to be increased from 17 per cent to over 30 per cent; the extraction of minerals - manganese,
iron, nickel, copper, cobalt, etc. - from the sea floor.
3.

Some specialized marine meteorological services

As would be expected, the marine meteorological services of recent origin are for the most part highly
specialized. There is a growing body of literature dealing with the techniques that are being developed and in
the present paper it will be sufficient to refer briefly to a selection.
Weather routeing of ships - wave forecasts

Meteorologists have long included forecasts of sea and swell in their shipping bulletins but, with the advent
of weather routeing services for ships, the forecasting of waves has assumed greatly increased importance.
The computerized technique employed in the Central Forecasting Office at Bracknell has been described by
Zobel and Dixon (4). Predictions of the height of the wind-formed wave are based on the predictions of wind
using a relationship between the wind at 900 mb and the wave height, separate curves being used for unstable,
neutral and stable conditions. An empirical constant provides an adjustment for swell.
The application of this technique has proved reasonably satisfactory judging by the infrequency of complaints. However, the method is somewhat crude and Ewing (5) has shown how improved knowledge of wave
generation and of wave interactions may be used in a numerical forecasting scheme for the North Atlantic Ocean.
Ewing's method offers significant improvements in accuracy but it needs a fair amount of time on a very powerful computer and routine or operational application must probably await a more exacting statement of requirements from the shipping community.
Marine pollution- the movement of oil sticks

Incidents involving tankers and resulting in the release of oil slicks on the open sea appear to have been
more frequent in recent years and a great deal of public concern has been aroused. The successful forecasting
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of the movement of an oil slick naturally requires that its position be accurately defined at a particular time.
The drift of the slick caused by the wind is regarded as the main factor. The forecaster estimates the mean
geostrophic wind over the period of concern and it is then assumed that the slick will move in the direction of
the wind and at 2.5 per cent of its value. Minor adjustments to the estimated movement may be made if information is available about tidal streams and mean currents.
Analyses andforecasts of mixed layer depth

In the programme of WorId Weather Watch, Regional Meteorological Centres have accepted responsibility
for the preparation and dissemination of analyses and forecasts of mixed layer depth. Some Meteorological
Services are already making these issues but data for sub-surface sea conditions are extremely sparse and considerable improvement in networks must be arranged before existing techniques can be adequately tested and
either replaced or further developed.
4.

The meteorological requirement for oceanic data

The meteorologist is accustomed to apply his own data either directly or indirectly in order to provide
services for shipping, fishing fleets and other marine users. However, the meteorologist also appreciates that
he needs vastly more oceanic data, notably of sub-surface temperature variations in order to make progress
in the science of meteorology and, of course, as a valuable by-product, to improve and extend the various
forecasting and other services. In a whole series of papers Namias has constantly stressed the inter-mingling
of atmospheric and oceanic processes. To mention one example (6), he has discussed the problems of extendedrange weather forecasting and has explained the essential interdisciplinary nature of the problem. The oceanographic and air-sea interaction aspects are presented as phenomena embracing microscale and short-period
processes as well as the much larger-scale fields of some ocean-atmosphere exchange parameters which may
be averaged over time periods measured in years.
There is no need to labour the point because I do not imagine there is any dispute today about the need
for a close partnership between the meteorologist and the physical oceanographer if important and substantial
advances are to be made in the two disciplines, meteorology and oceanography. Something more than a partnership is indeed required - the meteorologist and the physical oceanographer must acknowledge a layer of common interest, incorporating a portion of the atmosphere and a portion of the ocean, and should each aspire
to a sound knowledge of the processes that take place throughout this layer. Looking back over the years it
may be considered unfortunate that that "great American philosopher of the seas", Lieutenant Matthew Maury,
did not promote oceanography as well as meteorology. In the 1830s he recognized the great value of wind
and current charts and set about their production but his further efforts were directed more to the organization
of meteorology, including agricultural meteorology, and it was not until some 40 years later that the foundations
of oceanography were well and truly laid.
5.

Basic requirements for the marine environment

In this paper I am primarily concerned with the use of the oceans and my second and perhaps subsidiary
concern is the role of meteorology. Viewed in this way the basic requirements are first and foremost for observing
networks to be set up so that scientists of all the disciplines involved may acquire the basic data which they need.
In recent years, in parallel with the programme of World Weather Watch, a very considerable amount of
planning has been going on, mainly under IOC but to a great extent jointly among IOC, WMO and other
international organizations, in order to develop an Integrated Global Ocean Station System (IGOSS). This
planning appears to be very soundly based because a whole range of interests has been consulted and a framework
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has been provided within which the basic observing systems and the supporting facilities will readily find a
place. But, regrettably, progress cannot be very rapid. It is not just a question of building and positioning
new weather ships, equipped for meteorological, oceanographic and other environmental observations, and
expanding the Voluntary Observing Ships or enrolling more ships of opportunity. One objective must be to
keep traditional facilities at least at their current strength. However, for the monitoring of the ocean environment as a whole there must also be recourse to buoys and automated measuring and reporting equipment,
satellites also playing a part, in order to extend the coverage and scope of traditional systems. All this will take
time, perhaps much longer than one would now estimate. At present, therefore, the planning is of major importance and every small step such as a regional bathythermograph operational network represents a notable
advance.
Although one may concentrate and become almost obsessed with the paramount need for basic data, it is
also necessary to consider the constituent parts of the system we are aiming to establish. These can be set out
as follows:
(1)
(2)
(3)
(4)

Observing (or monitoring) networks;
Telecommunications, computers and other support facilities;
The organization for making efficient use of (1) and (2) above in order to provide services to users;
Research aimed at improving existing services and meeting requirements for new services.

Now all the above constituents are indispensable and weakness in anyone or more must adversely affect the
system as a whole. Naturally the networks providing the basic data with the frequency and regularity required
form the fundamental constituent but this fact is apt to be overlooked and it is therefore vital that those who
are responsible for the organization of services and for the conduct of research should safeguard existing networks at the same time as plans are being implemented for extending them and installing new systems. This
concept is one of the basic principles of World Weather Watch and it is applicable to all types of monitoring
facility.
A Global Observing System is first of all the integration, in terms of organization and technical co-ordination, of all the national efforts which may exist mostly for each nation's domestic requirements but also in some
cases for a nation's international responsibilities. This integration of national efforts does not alone constitute
a complete global system. It is therefore essential, as the UN resolutions require, that international organizations study the deficiencies overall and encourage nations, separately or in appropriate groups, to extend their
efforts for the common good. WMO is already involved in many examples of this type of constructive effort.
The whole programme for a Global Observing System should also be subdivided in another form in order
to ensure that efforts and contributions are effectively concentrated. White (7) has suggested that four broad
types of monitoring system are required:
(1) A health monitoring system;
(2) A monitoring system to describe and define the Earth's living and non-living resources;
(3) A monitoring system for the total physical environment, including pollutants of a physical nature;
(4) A monitoring system for marine biology and fisheries.

These ideas are reasonably consistent with the classifications adopted by the Ponza working party (see Section 2
above). Meteorologists will recognize at once that they themselves are wholly involved - basic facilities, services, research - in White's third monitoring system, have much to contribute to the first and fourth systems,
mainly perhaps in data and services, and have a small but important contribution to make to the second monitoring system. An important advantage of considering separate systems in the manner proposed is that it will
become easier to sort out the individual scientific and technical requirements as to network spacing, frequency
and regularity of data acquisition, real-time and non-real-time aspects and so on.
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6.

IMO/WMO CENTENARY CONFERENCES

International arrangements

For many years now there has been a great deal of collaboration among international organizations with
interests and responsibilities in ocean affairs. The UN resolutions concerning the need for greater knowledge
and exploitation of the ocean and its resources did not so much start something new as give a strong and lasting
drive to what was going on already. Since 1966, when the first of these UN resolutions was adopted, there has
been a remarkable up-surge in joint activities with all international organizations playing a full part, including
the International Council for the Exploration ofthe Sea (ICES) as well as those organizations already mentioned.
Because of the wide issues that seemed likely to arise, WMO's Executive Committee set up a Panel on the
Meteorological Aspects of Ocean Affairs for the purposes of advising on the implications to WMO of the new
developments and of advising other international organizations on the interests and responsibilities of WMO in
marine affairs. The panel has carried out a useful function because many of the questions arising have generally
been of wide interest within WMO, of concern to several regional associations and technical commissions.
Of the work that has been going on, the programme of IGOSS already mentioned is clearly of major importance and its development in harmony with WWW is sound. This work is going forward largely by means
of joint IOCjWMO groups with FAO, IMCO and ICES also participating and contributing in many important
ways. IGOSS was originally a physical and chemical monitoring programme but, as a result of the Stockholm
Conference (1972), the monitoring of marine pollution was incorporated, an aspect that requires considerable
care and basic studies. IGOSS also caters for requirements for services and thus endeavours to form a complete
operational system.
On the research front there are many co-operative investigations actually in progress or being planned
and exchanges of information on these projects must obviously be helpful and encourage the various international organizations to participate if their own programmes would be aided thereby. It is highly satisfactory
that WMO and ICSU have invited oceanographers to incorporate their own sub-programmes into the Global
Atmospheric Research Programme (GARP) and into the GARP Atlantic Tropical Experiment (GATE).
Taking a view - and with all that has been going on in marine matters since 1966 it may be a time for taking
stock - it seems to me that tendencies have been developing for an environmental prediction system covering
the oceans that might be centred on WMO. This has long been a possibility because WMO's Commission for
Marine Meteorology (CMM) has always included in its terms of reference responsibility not only for marine
meteorology but also for the related aspects of oceanography. From the earliest days, therefore, meteorologists
have organized the measurement or observation of sea-surface temperatures, ocean currents, waves, swell and
so on and have been prepared to analyse, summarize and predict these parameters. A development on the lines
envisaged would severely tax the systems organized by WMO, in particular the Global Telecommunication
System (GTS) and the Global Data-processing System (GDPS). We can already see that these systems will
become fully stretched or over-stretched when satellite data become available on a routine basis supplementing
the already heavy but inadequate volume of conventional data. However, it would be short-sighted to fend
off or divert logical developments because operating systems may lack capacity and it is suggested that the
forward-looking course would be to plan additional capacity. Inherent in this whole concept, besides the
expansion of the GTS, is the suggestion that in each country data processing could be a common environmental service with one data bank and one very powerful computer dealing with the operational requirements,
whether separate or combined, of meteorologists, oceanographers, etc. With this arrangement the needs of
research in some countries would call for a separate, even more powerful computer.
The idea just discussed is one that would convert into a reality the exhortations for multi-disciplinary
co-operation in marine science, its operational applications and its research. With meteorology acting as a
common thread among so many human activities, it is easy for meteorologists to accept the need for closer
collaboration. For example, any further extension of WMO's responsibilities into operational oceanography
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must involve physical oceanographers who would work side by side with their meteorological colleagues. All
in all the way seems to be clearly open for environmental scientists, especially in the physical field, to come
closer together and build upon the organizations and resources already in operation.
7.

Concluding remarks

The enormous progress that has been made in meteorology in the 100 years' history of WMO in no way
signifies that we may be nearing the end of the road. On the contrary, there is so much still to be done - and
that can be seen to be required - that at the next centenary conference in the year 2073 meteorologists may
well consider that the first hundred years merely established the starting positions of meteorology and related
disciplines. In the years ahead the demands upon meteorology must inevitably expand and if many of these
demands are of the nature of interdisciplinary commitments, that will be in the best interests of the environmental sciences and of those activities which depend for safety and efficiency upon the services that are made
available.
One area where an expansion of demand is assured is the marine environment, and WMO, by reason of
its long history in maritime meteorology and its readiness to give early recognition to new developments in the
service of mankind, seems very well fitted to meet the widening responsibilities that are now arising. The role
of meteorology in the use of the oceans is very great and permanent. WMO has therefore much to do in the
next 100 years and I have every confidence that it will meet the challenges constructively and successfully.
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