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FOREWORD

In an earlier publication entitled "A brief survey of the activities of the World Meteorological Organization
relating to human environment"*, an account was given of the WMO programme on the interaction of man and
his environment with special attention to monitoring the atmosphere, atmospheric pollution, urban climatology,
weather and climate modification and pollUtion of the oceans.
Since the appearance of that publication in June 1970, the Organization has given greatly increased attention
to questions relating to the human environment. In particular, the scientific discussions held during the quadrennial
World Meteorological Congress in April 1971 were devoted to this theme. Principal lectures were presented by
selected scientists on each of the following topics:
Large-scale atmospheric problems and their possible repercussion on global climates;
Inter-relation between man and environmental climates; and
Environmental problems related to hydrology.
In addition, a number of shorter contributions were given by acknowledged experts in this field to elaborate
on the principal lectures.
The Organization has also become heavily involved in the preparations for the United Nations Conference on
the Human Environment (Stockholm, June 1972). In particular, a number of basic papers have been submitted to
the Conference Secretariat in order to assist it in its task of preparing position papers on various subjects for consideration by the Conference. In addition, a number of shorter contributions have been sent to other United Nations
agencies to assist them in preparing their basic papers for the Conference Secretariat. For the purposes of the conference, this material will doubtless require considerable condensation and much of it may not therefore appear in the
final documentation for the Conference. It has accordingly been decided to publish in full most of these WMOsponsored contributions to the Conference.
It became readily apparent that the lectures presented at the World Meteorological Congress and the papers
prepared by WMO for the United Nations Conference complemented each other and this led to the logical decision
to publish them together in this present publication.

I wish to extend my warm thanks to all the scientists who prepared lectures for Sixth Congress and also to
those who provided material for the WMO contributions to the UN Conference. My special appreciation goes to
Dr. James T. Peterson for his work in editing a large part of the material in this publication.

-

D. A. Davies
Secretary-General

* Now considered as the first in a new series of "WMO special environmental reports". This present publication is the second in this
series.

SUMMARY

This report is divided into three chapters, the first of which deals with modifications of the atmospheric
environment. The first three papers in this chapter are concerned with the so-called "low concentration" pollution,
the "background" contamination which is global in extent and to which both man and nature have contributed.
The fourth paper describes the wMO network of stations designed to monitor this type of pollution. Higher concentrations of pollution of the type which concentrates in industrial regions or metropolitan areas is the subject of the
remaining papers in this chapter. The role of the meteorologist in air-pollution control and the implications of
intentional weather and climate modification are also discussed.
Chapter II is entitled "Meteorology, human settlements and natural resources". In this chapter air is considered
as a natural resource and the interactions between man and his atmospheric environment are discussed. Consideration
of the local climate when siting a factory, a large building, or an airport is very important, indeed cities generate
their own "climates". This factor and others such as the applications of climatology to plant and animal productivity, forestry, tourism, ecological systems, and energy sources are elaborated on. The chapter concludes with a discussion of climatic factors involved in the spread of deserts and how meteorological forecasting can minimize floods,
drought and wind storms.
The final chapter deals with the hydrosphere; here the pollution of oceans, lakes, rivers and streams is of
concern. The over-ehrichment of inland waters by increasing amounts of nutrients and the discharge of heavy metals
and their effects is described. Hydrological monitoring and forecasting are important in determining present and
future water quality of inland waters. On a global scale a substantial fraction of the pollutants reach the oceans via
the atmosphere. This transport mechanism, especially with regard to the entry of lead, carbon dioxide and DDT
into the oceans, is discussed. The need for a co-ordinated global system of monitoring marine pollution is explained
in the final paper of this report.
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CHAPTER I

MODIFICATIONS OF THE ATMOSPHERIC ENVIRONMENT

LARGE-SCALE ATMOSPHERIC POLLUTION PROBLEMS AND THEIR
POSSIBLE REPERCUSSIONS ON GLOBAL CLIMATE*

by B. R. J. Bolin

Introduction
There is ample evidence that the climate of the Earth has changed in the past. These changes show characteristic time-scales from decades or hundreds of years to hundreds of millions of years. The climate of the Earth has
changed from severe glacier conditions to warm or hot tropical regimes. However, perhaps more remarkable than
these changes is the fact that over a span of some seven hundred million years, during which time life has existed
on the Earth, the climate has not changed more than to permit this life to survive; More surprising than the changes
that undoubtedly have occurred is the remarkable stability that climate has shown over such a long time considering
the extreme conditions that prevail in the universe.
Nevertheless, the changes in climate are of basic importance to man. Even though life has survived during the
climatic changes to date, man and his civilization today are much more sensitive to changes in climate. The question
is not how mankind can merely survive but how the present culture and technical development can be retained. A
five-metre rise of the level of the ocean surfac·e would represent a disaster to many· densely inhabited areas of the
Earth. However, over the last ten thousand years the sea level has changed possibly by as much as fifty metres.
Climate will undoubtedly also change in the future, and man will have to accept such .changes as boundary conditions for his future activities.
Perhaps man himself may be influencing the climate of the Earth by putting pollutants into the atmosphere.
To determine whether this is true and what its possible repercussions might be is a scientific problem of paramount
importance to mankind. Many scientists have analysed this problem over the past decades and a complete reference
list would be too lengthy. Two items of particular interest, however, are a recent review article by Landsberg (1970)
and "Man's impact on the global environment" (Wilson, 1970).

Recent climatic changes
Before reviewing briefly some of the theories of climatic variations and attempting to assess possible effects of
man's activities, a brief account of our present knowledge of past changes of the Earth's climate will be given. However, since the main concern of this paper is the changes with time-scales of a hundred to ten thousand years we
shall limit ourselves to a description of changes since the last glaciation, i.e. during the last tens of thousands of years.
Direct measurements of the temperature ·and precipitation regimes around the Earth ~xist for the last hundred
to two hundred years. Observation points are sufficiently numerous for the last hundred years to permit fairly accurate assessments of the global changes. Mitchell (1970) has summarized them into graphs showing the changes since
1870 (Figure 1). A regular rise in temperature is observed both in the northern and southern hemispheres from

* Lecture

given at Sixth Congress of WMO.
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around 1880 until 1940, amounting to about 0.5° C, for the area between 60° Sand 60° N. This increase is even
0
greater if the latitude belt 60 0 N to 80 N is included. In fact the annual mean temperature for the Spitzbergen area
increased by about 5° C during this period. Since 1940 a decline in the temperature seems to have occurred, a
decline which is again most pronounced in the northern polar regions. The climate change during the first half of
this century just outlined has been accompanied by a very substantial retreat of glaciers, particularly noticeable in
the Scandinavian area. The thickness of the ice covering the Arctic sea has decreased considerably and the southern
limit for drifting ice in the northern Atlantic Ocean has moved northward. Shipping conditions to and around Spitzbergen have thus improved considerably.
Even though direct observations are not available for the period before 1750, there is ample evidence that
substantial climatic changes have occurred in historic times. Glaciers in Scandinavia, for instance, advanced very
remarkably from around 1600 to 1750, at which time they reached their maximum extension since the Jast ice-age
(Ahlmann, 1953). In fact records show that the glaciers advanced into areas previously populated by man and
destroyed both buildings and cultivated land. This period of several hundred years has been called "the little ice-age".
On the other hand, there is evidence that around the year 1000 B.C. practically no glaciers existed in Scandinavia.
During this so-called "climatic optimum" woodland extended into areas where today trees cannot survive.
A most remarkable record of observations has recently been published by Dansgaard (1969) that permits us to
assess quantitatively what temperature variations may have occurred over the last tens of thousands of years. Atmospheric oxygen contains two major isotopes, 180 and 160. These two isotopes are also present in water. The two_
kinds of water thus existing in nature have somewhat different physical and chemical properties. The heavier water,
containing the isotope 180, has a somewhat lower saturation vapour pressure. Because of this the ratio of 180 to
16
0 of condensed water becomes different depending upon the temperature at which condensation occurs. Therefore, studies of this isotope ratio in rain or snow will give information on the cIrcumstances at which precipitation
was formed. The present ice-dome that covers Greenland represents an accumulation of snow over many thousand
years. A core of ice extending from the top of the present ice sheet down to the Earth's surface thus represents a
cross section of precipitation during the last hundred thousand years. The isotope ratio 180 to 160 shows marked
oscillations in the equivalent temperature that can be deduced from this isotope ratio. However, this temperature
does not necessarily correspond to the temperature at a constant level in the atmosphere because the thickness of
the Greenland ice-dome and also the level of condensation in the atmosphere may have changed during the time that
has elapsed since the last major glaciations. Nevertheless, a study of these temperature variations is of great interest
(Figure 3). The rather low temperatures that prevailed during the seventeenth and eighteenth century are clearly seen
as well as the relatively warm period that seems to have occurred around 1000 B.C. A drastic change occurred
about ten thousand years ago, which obviously is associated with the rapid melting of the existing glaciers in Scandinavia and northern America.
The changes that have thus occurred over the last ten thousand years are well established in many different
ways and undoubtedly have had a major impact on man and his activities. Such changes were by no means limited to
the polar regions, but have also been observed in lower latitudes as can be exemplified by such studies as those of
pollen in the area around Bogota, Colombia. A temperature increase occurred about ten thousand years ago amounting to perhaps as much as 5 degrees (Figure 4).

Processes of importance for climatic changes over periods up to several thousand years
Since this is a discussion of possible repercussions of air pollution on the climate of the Earth, the review of
physical processes will be limited to those that may have an effect over periods of ten, a hundred or a few thousand
years. Thus, for example, the possible climatic changes that have occurred in connexion with mountain building
periods, those that undoubtedly have been associated with polar wandering or those due to changes of land and sea
distribution will be ignored. Also most of the climatic changes that may have resulted from changes in the characteristic features of the orbit of the Earth will be disregarded (cf. Milankovitch, 1930).
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Changes in solar radiation or atmospheric composition

First, those climatic changes will be considered that may have been caused by changes in the total solar radiation reaching the Earth or caused by volcanic activity that affects the absorbing and scattering characteristics of the
Earth's atmosphere. Measurements of the total amount of solar radiation reaching the Earth have been attempted
from observations at the Earth's surface for about a hundred years but have always been very difficult because of
the absorbing and scattering properties of the Earth's atmosphere. The variations observed at the Earth's surface may
thus be the result of changes in the atmospheric turbidity rather than changes in the solar constant. Recent measurements from high"level balloons and from satellites indicate that changes in the total solar radiation over the last ten
years is probably less than half of one per cent. This figure, however, is quite a large value and would undoubtedly
have significant repercussions on the climate of the Earth. Therefore, we cannot exclude a priori that recent climatic
changes at least partly have been induced by changes in the total solar radiation.
There are considerable fluctuations in the volcanic activity on the Earth. Mitchell (1970) has studied all major
volcanic eruptions since 1855 and the possible amounts of dust that thereby have been thrown into the Earth's
atmosphere (see Figure 5). Most of the dust released in such major eruptions reaches the stratosphere and a fair
estimate of the average residence time of dust brought into the stratosphere is a year or two. Therefore such inputs
of dust, amounting to several tens of millions of tons of dust in major eruptions may well have had an' effect on
the radiative properties of the Earth's atmosphere for several years. Thus changes of volcanic activity over the last
10,000 years may similarly have had a significant influence on the climate of the Earth.
The internal dynamics of the atmosphere-ocean-glacier system

However, changes of the Earth's climate have not necessarily resulted from external causes. A physical system
such as the one comprising the atmosphere, the oceans and the water locked up in glaCiers may well show considerable oscillations solely due to internal processes. As has been pointed out by Lorenz (1968) there are some such
physical systems whose statistics taken over infinite time intervals are uniquely determined by the governing physical
laws and the external influences, whereas there are other systems for which this is not the case. There may also be
certain such systems whose statistics taken over very long time intervals differ considerably from one such interval
to another. Too little is presently known about the system that the atmosphere, the oceans and glaciers constitute
to be able to tell whether it is of one kind or the other. The most advanced dynamic models of the atmosphere are
able to generate the average structure of the atmosphere and the associated wind distribution as a function of latitude and elevation as dependent on the intensity and distribution of incoming solar radiation, the characteristics of
the Earth's surface, and the Earth's rotation (Manabe and Strickler, 1964). Also the time required to adjust an arbitrary initial field towards a climatic average has been fairly precisely determined. The experiments indicate that the
inherent adjustment time on a global scale is of the order of a few months. Even though it is interesting to see what
kind of average structure vertically and meridionally corresponds to certain external influences, an understanding of
climatic changes as they have occurred over the last 10,000 years necessarily involves an understanding of the dynamic interplay between atmospheric circulation, ocean circulation and the formation and disappearance of glaciers.
Obviously, the oceans and the glaciers determine the characteristic time-scales that are involved in such climatic
variations.
A large number of investigations have lately been attempted in which various models have been formulated to
grasp this kind of dynamic interplay between the atmosphere, the oceans and the ice masses in polar regions (Budyko,
1968; Eriksson, 1968; Fletcher, 1968; Weyl, 1968; Worthington, 1968). In most of these studies some particular
physical interrelationship, deduced from observations, forms the basis for a more or less elaborate theory of the
importance of this particular process in explaining the climatic changes that have occurred in the past. In view of the
extreme complexity of the interplay between the atmosphere, the oceans and ice, the conclusions reached can never
be considered as final.' On the other hand, the particular physical interrelationships which have been proposed should
become the basic ingredients in developing the more advanced models that will be required to settle what the most
important factors for climatic changes over time-periods of some thousand years might be.
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From this point of view,.it is interesting to note that the salinity of surface waters in the Atlantic Ocean is
considerably higher than in the Pacific Ocean. In this context Weyl (l.c.) points out that the extension of the arctic
ice pack in the northern Atlantic Ocean is fundamentally different from that in the Pacific Ocean and concludes
that the salinity of the surface waters is of great importance for the process of ice formation and also for the formation of deep ocean water masses.
Wo.rthington (l.c.) points out another interesting fact. During the last glaciation, a small percentage of the water
today found in the world's oceans was locked up in glaciers. Consequently, the average salinity of the world oceans
may have been as much as one part per thousand higher 10,000 years ago than today. Such a water mass with the
average temperature the same as that of the deep ocean today (of the order of a few degrees) would be denser than
any water mass today found in the major oceans. From this, Worthington concludes that since the supply of fresh
water by the melting ice at the end of the last ice-age must have essentially been contributing to the surface ocean
waters, the deep waters of the world's oceans may have been cut off from an exchange with the surface ocean
waters during a substantial time, perhaps for several thousand years. Whether this has been so or not cannot be determined, even though sorile geological evidence favours such a possibility. In any case this particular possibility naturally should be explored with the aid of more advanced models for the interplay between the atmosphere and the
oceans in studies of possible climatic changes. The same is also true for the investigations of the possible effects of
the disappearance of the ice-sheets at present covering the Arctic sea (Budyko, 1.c.). The examples quoted serve just
as examples of physical processes and relationship that necessarily must be considered in studies of this kind. Of
course, many others also warrant further investigation.

Large-scale pollution caused by man
Carbon dioxide

The burning of fossil fuel, i.e., coal, oil and gas, means a considerable input of carbon dioxide into the atmosphere. The total amount released since the beginning of the industrial revolution in the middle of the last century
would have caused a 20 per cent increase in the amount of carbon dioxide in the atmosphere if no transfer into other
major reservoirs for carbon dioxide had taken place, such as the oceans and the biosphere (Revelle and Suess, 1957;
Bolin and Eriksson, 1959; Bolin and Bischof, 1970). Recent measurements from aircraft at tropopause-level or from
isolated islands like Hawaii in the Pacific Ocean (Bolin and Bischof, 1970; Bolin and Keeling, 1963) reveal that the
actual increase in the atmosphere is only between 35 to 45 per cent of the total amount of carbon dioxide that has
been released since the middle of the last century. This means that perhaps as much as about 20 per cent of the
total world oceans must have been involved in absorbing the carbon dioxide produced by man because of the particular buffering effect of the carbonate-biocarbonate system of the oceans. This seems to conflict with the observation
that the turn-over tLme of the world oceans is of the order of 1,000 years. The latter figure has been deduced from
measurements of carbon-14 in the deep sea and the assumption that the present distribution is brought about by a
steady state ocean circulation. In the light of the discussions by Worthington (1968), referred to above, this latter
assumption is by no means certain and the whole problem undoubtedly requires further careful analysis.
The measurements reported by Bolin and Bischof (1970) show an increase of carbon dioxide in the atmosphere
by 0.7 ppm (parts per million) per year during the six years 1963-1968, as compared with the total output during
this period corresponding to approximately an increase of 2.0 ppm per year. The length of this observation period,
the accuracy and representativeness of the measurements do not permit any conclusion of whether this increase has
remained constant during this six-year period. The continued measurements during 1969 and 1970, on the other
hand, seem to indicate that the annual increase during these two later years may have been substantially larger,
probably about 1.0 ppm per year. This result certainly needs to be confirmed by further measurements during
another few years before being accepted as a fact, but if it is true we have observed for the first time an irregular
response by one of the carbon dioxide reservoirs in nature to a constantly increasing source. The only possible expla-
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nation at this time seems to be an irregular response of the oceans which in turn probably would mean an irregular
exchange of water masses between the surface layers of the sea and the deep ocean. Such an observation is of course
of considerable interest for an understanding of the circulation of the oceans and also when considering the role of
the oceans for climatic variation. A continued increase of the consumption of fossil fuels implies an increased release
of carbon dioxide into the atmosphere, which will result in a concentration in the atmosphere of about 375 to 400
ppm in the year 2000, if 35-45 per cent of the carbon dioxide released stays in the atmosphere.

Particulate matter

By burning coal and oil, man also releases large amounts of particulate matter into the atmosphere. Goldberg
(1970) has estimated the amount to be about 20 million tons annually. If the average lifetime of particulate matter
in the atmosphere is assumed to be about a month, a dust-load of about 2 million tons should be found in the
atmosphere today due to human activity. This is significantly less than the amount present due to volcanic activity
as estimated by Mitchell (1970) (Figure 5) and considerably less than the amounts in the troposphere due to other
natural processes such as dust storms in arid regions. On the other hand, the figure of 20 million tons per year only
represents the amount of dust directly brought into the atmosphere by man. Indirectly, human activities may also
bring about a release of particulate matter into the atmosphere. Present knowledge of the total amounts that may
be involved is very limited, and certainly a careful study both of the possible releases into the atmosphere and of
the existing dustload in the atmosphere at anyone time is urgently needed. There is, however, observational evidence for an increased dust-load of the atmosphere during this century. Measurements in Washington between 1905
and 1964 indicate an increased turbidity by 27 per cent; in Arosa (Switzerland) an 88 per cent change has been observed
between 1920 and 1958 and during the ten-year period from 1957-1967 a 30 per cent increase has been observed on
Hawaii. There are also observations of increased deposition of dust in remote areas. Depositions on glaciers are particularly revealing since records during long periods are obtained. Davitaya (1965) has explored the content of particulate
matter in ice from a glacier in the Caucasus and has found a very significant increase that began in the 1930s (see
Figure 6). Finally, it should also be emphasized that the carbon dioxide released into the atmosphere is distributed
almost uniformly throughout the atmosphere, since the average lifetime of a carbon dioxide molecule before being
transferred into another reservoir (the oceans or the biosphere) is of the order of 5-10 years, which is long compared
to the overall mixing time of the atmosphere. Dust, on the other hand, only remains in the atmosphere for a few
weeks or a month and is, therefore, not uniformly distributed. Releases due to man's activities as well as from arid
areas certainly result in a dust-load which is considerably larger for the northern hemisphere than for the southern
one.

Water vapour

In the upper troposphere and in the stratosphere water vapour released in the combustion process by jet aircraft
may be considered as a pollutant. Where the humidity is high condensation trails are observed, otherwise a slight
humidity increase results. The likelihood of condensation trail formation from aircraft is highest somewhat below
the tropopause, while it seldom occurs in the stratosphere where the humidity usually is very low. In areas where
intense jet air traffic exists, as over the United States or over western Europe, there may have been a slight increase
of the average amounts of cirrus clouds. Machta and Carpenter (1971) show, for example, that such an effect is .
noticeable over Salt Lake City during the twenty-year period, 1949-1969.
Even if condensation trails do not form often in the stratosphere, considerable amounts of water vapour are
introduced into the stratosphere. If SST comes into operation this amount will increase further substantially and
will take place at an elevation of 25 km or thereabouts. It has been estimated that by the year 1990 the global
average stratospheric concentration of water vapour may be 0.2 ppm higher than today i.e., one per cent. Again,
the distribution of this water vapour is uneven, and in limited areas the increase may be considerably larger.
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Other stratospheric pollutants
Because of the low air density the stratosphere is more sensitive to pollutants than the troposphere. The average residence time for a compound in the stratosphere, before returning to the troposphere, is a year or two" and thus
ten to twenty times longer than the turnover time in the troposphere. Some further comments on stratospheric pollutants are therefore of interest.
A jet aircraft releases large amounts of carbon monoxide and nitrogen oxides. The former is hardly of any
consequence for radiation processes in the atmosphere. The latter, however, is decomposed by ultra-violet radiation
and in the chain of photochemical processes that are associated with this, ozone also plays a role. Present photochemical theories for ozone in the stratosphere do not yield a satisfactory explanation for its distribution in the
layer between 30-40 km. Possibly the naturally occurring nitrogen oxides, which until recently have not been considered in such theories, may play an important part here (Crutzen, 1971). An increased pollution of nitrogen oxides
in the stratosphere by SST may therefore possibly change significantly the ozone in these parts of the stratosphere.
This may have a direct consequence for the radiation budget in the stratosphere, since ozone is primarily important
to the existing balance, though it is not known to what extent.

Possible climatic effects
An increase of carbon dioxide in the atmosphere leads to higher temperature. Manabe' (1970 a) has investigated
the importance of carbon dioxide for the radiation balance more closely using a model of the atmosphere that considers radiative processes and convective adjustment. His conclusion is that a change of the atmospheric carbon dioxide
concentration from 300 to 600 ppm would lead to an increase of the tropospheric temperature by about 1.5° C, if
the absolute humidity remained constant, while the increase would be about 2.5° C if the relative humidity did not
change (see Figure 7). A reduction of the carbon dioxide content to half of the present value would conversely lead
to a decrease of the temperature by about the same amounts as indicated above. As shown in Figure 7, the stratosphere is more sensitive to a change of the carbon dioxide concentration than the troposphere. The effects there will'
be in the opposite direction. An increase of carbon dioxide would lead to lower equilibrium temperature and vice
versa. Even if these results are interesting, far-reaching conclusions cannot be drawn from them. Not only the overall change is important but also the distribution with latitude, since the baroclinicity of the atmosphere is thereby
determined. This is, of course, an important factor for the general circulation of the atmosphere. In fact, a change
in the heating of the atmosphere by increasing or decreasing the amount of carbon dioxide might change the atmospheric circulation sufficiently to upset at least partly the changes as computed for an atmosphere in radiative equilibrium.
The possible implications of changing the concentration of particulate matter in the atmosphere obViously
must depend on the optical characteristics and the spectral distribution of the aerosols. As yet our knowledge is
limited in this regard, but it is interesting to note the observational evidence presented by Koudratyev (1971) concerning the important role of particulate matter for the heat budget. The general opinion at present is that an increasing
amount of dust in the atmosphere will increase the albedo of the Earth due to the scattering properties of the aerosols and that the most immediate effect will thus be lower temperatures. However, at the same time an increased
amount of dust in the atmosphere implies an increased absorption, and the total amount of energy that reaches the
Earth's surface therefore is further reduced. The convective transfer of heat from the Earth's surface to the atmosphere will thus become less.
There is observational evidence that an increased amount of dust in the atmosphere will lead to increased
absorption of solar radiation and higher temperatures. In 1963 the volcano Agung had an intense eruption (see
Figure 5). During the following years considerably higher temperatures were observed in the lower and middle stratosphere, the maximum being reached a few months after the eruption and amounting to about 8° C (see Figure 8)
(Newell, 1970).
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The intricacy of the problem just discussed is shown by another interesting computation conducted by Manabe
(1970 b). He has "deduced the eqUilibrium temperature of the atmosphere that would prevail under various assumptions of amounts of low, middle and high clouds. Figure 9 shows the results and indicates clearly how sensitive the
temperature regime of the atmosphere is to even rather small changes of the cloudiness. This is particularly true for
0
changes of the amounts of low-level clouds where merely a 1 per cent increase might mean a 1 C decrease of the
equilibrium temperature of the atmosphere. The effects of high clouds (cirrus) is in the opposite direction. Here the
results, however, are very sensitive to the radiative properties of the clouds. If one assumes that they may be considered as blackbody radiators, an increased amount of cirrus implies a considerable increase in the equilibrium temperature of the atmosphere, whereas if they are semi-transparent their effect would not be pronounced. Thus it is not
very meaningful to compute changes of the temperature distribution of the atmosphere by merely considering one
compound, such as carbon dioxide or the amount of dust, since other changes are bound to be initiated. With our
qualitative knowledge of the effect of carbon dioxide and dust on the heat balance of the Earth, it is tempting to
try to explain the changes over the last 100 years as a combined effect, where the increase of temperature until
about 1940 would be a result of an increase of carbon dioxide, while the decrease later would have been caused by
increasing amounts of dust, either volcaniC or man made. This kind of conclusion is not justified. These changes of
the climate of the Earth are not greater than those that have occurred naturally during previous centuries, but they
may be at least partly caused by man. Clearly a better knowledge of how the atmosphere responds is urgently needed.

Models for studying climatic changes
This brief account of our present knowledge of man's possible impact on the climate of the Earth may be rather
confusing.
The more precise processes that have lead naturally to climatic variations in the past are not known, nor are
those whereby man's activity has perhaps interfered with the global climate. The qualitative studies of cause and
effect regarding the climate are hardly ever conclusive. Another trend today in the field of dynamical meteorology
is to build complex models of the atmosphere, including in some detail the dynamical processes of the Earth's atmosphere. Then one after the other various physical constraints such as changes of the solar radiation, composition of
the atmosphere, and extension of ice-covered land are incorporated and the likely consequences are deduced. Some
interesting results have been obtained, even though the experiments so far have been rather limited. However, changes
of the climate may well be associated with changes in the ocean circulation and changes in the extension of glaciers.
Such changes take many decades or centuries to occur. So far none of these more complex atmospheric models have
run beyond a year or two, and therefore no conclusive results are available concerning such slow changes. Nevertheless,
by further development of such models of the atmosphere including the oceans and glaciers and possibly other factors, we may one day be able to understand better this complex interplay. Therefore such models must be tested as
far as is possible against data on the behaviour of the atmQsphere. This particular part of the problem is the central
objective of GARP. Another complication is that the time required on the computer for running the most sophisticated models today is too long to permit experiments extending over decades or centuries also haVing a sufficiently
large variety of experiments to be able to draw conclusions. Therefore, it is not sufficient only to construct more
and more complex models of the atmosphere, but these models must also be simplified by extracting the most pertinent features of the dynamics of the atmosphere. This means that the basic characteristics of existing models must be
better understood. Far from being a simple task, most of another decade will probably be required to do what here
is needed even with an increasing activity in the field.
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lHE INFLUENCE OF MAN'S ACTIVITY ON CLIMATE*

by M. I. Budyko

To learn more about the influence of man's activity on climatic conditions, the problem of modern climate
stability is of major importance. The climatic conditions of Jhe present time represent only a short segment of the
long climate evolution known to us through paleoclimatic studies. These studies show that the climatic conditions
on our planet during the last several millions of years have differed widely from those at present. At some time in
the remote past there were no zones of cold climate, and the temperature difference between the equator and the
poles was comparatively small.
Such a situation changed about a million years ago when polar glaciations appeared that at times extended
to middle latitudes and then retreated to high latitudes.
Data on the albedo of the Earth-atmosphere system that have recently been obtained from meteorological
satellite observations are important in endeavouring to explain the causes of these variations.
These data show that the albedo in areas with ice and snow cover is, on the average, approximately twice as
large as that in regions without snow cover. Thus, the ice cover decreases sharply the absorption of solar radiation
and, as a result, lowers the air temperature in this region. Therefore, ice cover is not only the consequence of cold
climatic conditions, but also, to some extent, their cause.
In this connexion an increase in the area of ice cover can contribute to climate cooling, which, in its tum,
will result in further glaciation. In other words, the present ice cover may be unstable.
A quantitative estimation of this effect can best be made with numerical models based on the theory of
climate. In fact this problem has been examined using schematic models, based on highly simplified pictures of heat
exchange in the atmosphere.
Application of such models has shown that the existing thermal regime of the Earth, due to the influence of
polar ice on the albedo, is very unstable. Comparatively small variations on the radiation reaching the Earth, of the
order of 1 per cent, can substantially change the mean temperature of the Earth and lead'to polar ice changes over
large distances.
Using the above models and taking into account the changes in the radiation regime of the Earth due to the
fluctuations of its axis inclination and changes in the orbit elements, it has also been possible to calculate the regions
of the ice cover during different epochs of the Quaternary period. These regions proved to be close to those found
from data obtained in paleogeographical studies of Quaternary glaciations.
As a further result of the application of the above models, two possible stable types of climatic conditions
have been found. The first is characterized by comparatively high temperatures at all latitudes and the complete
absence of glaciations. Such a condition was observed during hundreds of millions of years in the past. It was

* Lecture given at

Sixth Congress of WMO,
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possible whim the continents were, at a 'comparatively low level, allowing oceanic water to circulate freely between
the Equator and the poles, thereby increasing the heat exchange between low and high altitudes.
The second stable condition corresponds to very low temperatures at all latitudes and complete glaciation of
the whole planet. Calculations have shown that a reduction in radiation influx by only 1.5 to 2 per cent will be
sufficient for transition to such a condition.
Besides the change of incoming radiation, the transition to the second stable condition can take place with a
raising of the level of continents leading to additional weakening of oceanic circulation.
Keeping this inference in mind, it may be assumed that the last million years are a part of a comparatively
short (from a geological Viewpoint) period of transition from the first stable climatic condition to the second one.
Considering that the present climate seems to be unstable, one should. evaluate what consequences may arise
from the relatively small global climatic changes which can be achieved in the near future as a result of -man's
activity.
Among these changes the following deserve particular attention: (a) decrease in atmospheric transparency due
to dust propagation, (b) decrease in atmospheric transparency due to increased carbon dioxide concentration, (c) air
temperature rise owing to expansion of energy production.
The approximate estimates so far available show that any of the above-mentioned causes can bring about,
during the next century, the initial climatic change which is sufficient. to trigger a drastic change of the existing
climatic conditions. In particular, dust propagation in the atmosphere can, under certain conditions, promote a
decrease in the mean air temperature near the Earth's surface, whereas the increase in carbon dioxide concentration
and the expansion of energy production lead to an increase in the mean temperature. There are reasons for postulating that during recent decades the effect of the increased dustload in the atmosphere has been more appreciable
than the effects of other factors, and because of this the mean planetary temperature has decreased (see figure).
It is possible that the situation will change in the next decades and that the influence of an increase in carbon
dioxide concentration and energy production will result in planetary temperature rise. Since comparatively small
variations of the planetary temperature may lead to great changes of the polar ice cover and to drastic climatic
changes on the whole planet, it is evident that the problem of the effect of man's activity on climate deserves close
attention.
Subsequent study of the problem on present climate stability, based on the application of refined models of
climatic theory, is needed. Careful research work should also be done on the influence of different aspects of man's
activity on atmospheric processes.
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SOME GLOBAL TRENDS IN AIR QUALITY AND CLIMATE

A SURVEY

by L. Machta

Introduction
Climate plays a vital role in human welfare. Large climatic shifts disturb society. But the climate normally
changes slowly; being less dramatic than day-to-day weather anomalies, it has attracted less attention.
Climatic fluctuations have been common even in the historic past. Having natural origins, there is no reason to
expect such fluctuations to be lacking in the future. But today, man through his remarkable technology may also
be capable of creating large-scale climatic fluctuations caused by man-made modifications of the composition of the
atmosphere. Changing air composition is but one of several ways in which the climate might be affected by human
activities; others, for example, include deliberate attempts at weather modification, land usage, and the release of
waste heat to the atmosphere.
Meteorologists recognize at least two processes by which a change in the air composition might modify the
climate. The first process interferes with the natural radiation budget; that is, the transmittal of solar radiant energy
through the atmosphere and the upwelling terrestrial radiation returning to space. The second process influences rain
and snow through the particles needed to initiate precipitation.

Carbon dioxide in clean air
Carbon dioxide and water vapour are two unavoidable products of the combustion of fossil fuels. It is believed
that before major industrialization, before about 1860, carbon dioxide comprised about 290 parts per million parts
of air (usually expressed as ppm). Since that date, the atmospheric carbon dioxide concentration has increased by
about 10 per cent to a 1970 value of about 320 ppm. During this time interval, man has added enough carbon dioxide to have increased the air content by 20 per cent, not 10 per cent. The remaining 10 per cent of the man-made
carbon dioxide has entered the oceans and biosphere (the living part of the planet).
Table I shows the production of fossil fuels since 1860 as well as some future estimates. During the past ten
years the average annual growth rate of the production of carbon dioxide from fossil fuels has been just under 4 per
cent per year. To obtain the future estimates a 4 per cent per year growth rate in carbon dioxide added to the
atmosphere has been assumed for the near future. But a 4 per cent per year growth rate cannot continue indefinitely
because: first, fossil fuels represent a finite resource (the readily recoverable coal, oil and other fuels are a very small
fraction of the total reserves); second, most power experts expect an increasing fraction of the world energy supply
to be derived from nuclear sources. Therefore, after 1980, a 3 112 per cent per year growth rate is assumed.
The figure presents three speculations on the growth of carbon dioxide in the atmosphere to the year A.D. 2000.
There are two sources of uncertainty in the prediction: first, the growth rate in fossil fuel utilization discussed above,
.
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TABLE I
World production of fossil fuels since 1860 1

(units of 10 6 metric tons per decade)

Decade

1860-69
1870-79
1880-89
1890-99
1900-09
1910-19
1920-29
1930-39
1940-49
1950-59
1960-69

Coal

Lignite

Liquid
hydrocarbons
(incl. petrol.)

1,660
2,560
3,850
5,405
8,455
11,240
11,850
11,500
13,570
14,960
14,060 2

85
180
285
495
880
1,270
1,875
2,135
2,995
6,465
7,775 2

5
15
55
140
310
590
1,510
2,335
3,605
7,710
10,205 2

-

10
40
80
155
285
485
970
2,400
4,055 2

1970-79

A 4 % per year growth rate is assumed during 1970-79

1980-89
1990-99

A 3 112 % per year grow th rate is assumed during 1980-99

1 From

World Energy Supplies. Statistical Papers, Series J, United Nations, New York.

2 These

numbers are the reported production values from 1960 to 1967 inclusive only.

3 This

Natural gas

decade total is based on reported numbers between 1960-67 and a 4%

Total

1,750
2,755
4,200
6,080
9,725
13,255
15,520
16,455
21,140
31,535
46,865 3
68,550
98,670
139,190

per year growth rate for 1968 and 1969.

and second, the fraction of the carbon dioxide remaining airborne rather than entering the oceans and the biosphere.
During the past ten years in which clean air measurements have been obtained at Mauna Loa, Hawaii, U.S.A., Point
Barrow, Alaska, U.S.A. and Scandinavia, the fraction remaining airborne has varied between about 35-40 per cent to
over 60 per cent. Furthermore, little is known of the variability in the natural sources of carbon dioxide, such as
forest fires. The current best prediction for atmospheric carbon dioxide content in A.D. 2000 is about 380 ppm,
derived from the middle curve of the figure. The lower curve, based on an extrapolation of the Mauna Loa data,
almost certainly underestimates the true concentration in the year A.D. 2000 because the 1968-1970 increase is
severalfold larger than the average for 1958-1970.
A fully satisfactory model of atmospheric motions and dynamics needed to forecast the consequences of changing atmospheric composition is not yet available. Hence, estimates of the climatic consequences of increasing atmospheric carbon dioxide are very uncertain. The best available models indicate that the rise of atmospheric carbon diox0
ide from 320 to 380 ppm may warm the lower atmosphere by about 0.5 Celsius according to Manabe and
Wetherald (1967). The warming follows from the well-known "Greenhouse Effect" whereby solar radiation passes
through the atmosphere virtually unattenuated by the added carbon dioxide but the terrestrial outgoing radiation is
absorbed and partially reradiated back to the lower atmosphere.
0

There are reasons for believing that the predicted temperature change, 0.5 Celsius, may be a gross under- or
overestimate. A frightening possibility is a larger warming due to the oceanic response to the initial atmospheric
heating. If the oceans become warmer they will absorb less and release more of their carbon dioxide into the air.
This process could lead to an unstable situation ending in a much farger warming than the 0.5 Celsius. Alternatively,
the warmer temperatures might accelerate evaporation from the oceans which could lead to more cloudiness. Since
cloudiness plays a vital role in controlling the temperature of the lower atmosphere, the added evaporation could
virtually negate the "Greenhouse" warming due to added carbon dioxide.
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In summary, while the current best estimate calls for an 0.5 Celsius warming by the year A.D. 2000 there are
sufficient uncertainties in both the growth of carbon dioxide and its climatic effects to put this estimate in doubt.

Atmospheric particles
High on the list of potential climate modifiers are man-made particles in the atmosphere. There can be little
doubt that the total number of man-made suspended particles has increased in the twentieth century. But the evidence for detectable changes outside of urban and near urban regions is not entirely convincing. Even within some
cities stringent control measures have arrested or reversed the upward trend in many cases.
One of the best pieces of evidence for changing dust loadings of the atmosphere comes from measurements of
solar radiation. Fine particles scatter and absorb the solar beam. Normal incidence measurements looking at the sun
through a small telescope-like instrument show decreases in the beam when the atmospheric turbidity or dustiness
increases. But for low solar angles (i.e., sunrise and sunset and for polar regions) the whole sky solar radiation falling
on, say, a flat plate, may increase with increasing turbidity.
Meteorologists in the U.S.S.R. have shown a correspondence between major volcanic eruptions and subsequent
decreases in the solar beam at observatories in North America and Eurasia. In addition, since about 1945, there has
been a progressive decrease in the intensity of received solar radiation at these observatories of about 4 per cent,
which is attributed to human rather than volcanic activity. The decrease in solar radiation is ascribed to increased
numbers of fine particles in the atmosphere.
Similar solar beam measurements have also been obtained since 1958 at Mauna Loa, Hawaii, U.S.A. These
observations are more likely to reflect global, clean air conditions. The Mauna Loa record clearly shows the presence
of dust from the March 1963 Mt. Agung volcanic eruption on the Island of Bali. Virtually all stations monitoring
solar radiation detected the Mt. Agung dust cloud. The Bali eruption was followed by at least three others of significant intensity so that several years elapsed before the atmosphere cleansed itself of dust from these natural sources.
By 1971, however, the solar transmission at Mauna Loa returned to its pre-1963 values. Thus, the build-up of particles on a glob;)! scale, from the Mauna Loa evidence, was smaller than could be detected by the solar radiation
technique.
The apparent inconsistency between the Mauna Loa and North American-Eurasian radiation data suggests
either of two possibilities: first, the man-made particles created in temperate or high latitudes are diluted and
removed before reaching the subtropical latitudes or second, all or most of the stations other than Mauna Loa have
nearby sources of particle pollution which produce local or regional, rather than global effects. These possibilities
can be understood in terms of the rapid removal of particles from the air. Particles are readily washed out of the
air by rain and snow and fall out after coagulating to larger sizes. When released near the ground, fine particles remain
airborne on the average between three and 15 days, a short period compared with the transit of air masses on a
global scale. On the other hand, strong volcanic eruptions can inject their fine particles into the stratosphere where
they remain airborne for years during which time the dust can become widely dispersed.
In summary, the evidence for the growth of particle concentrations in some urban regions is too evident to
require scientific documentation. Effective control can reverse the upward trend; the short residence time of manmade dust allows the benefits to be quickly achieved. But on a global scale, the evidence for trends is less clear.
Further, as will be seen below, natural sources of particles still outweigh man's contribution; fluctuations and trends
in natural sources can easily complicate the picture requiring special efforts to separate the two kinds of sources
(which is not always easy to do).
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TABLE II (a)
l
Estimated global direct and converted particle production due to natural phenomena

(units of 106 metric tons per year)

> 5 microns 2

<5 microns 2

Direct particle production
Sea salt
Wind-blown dust
Forest fires
Meteoric debris
Volcanoes

500
250
30
10
?

500
250
5
0
25 3

790+

780+

---,

Total

"

Particles formed from gases
Sulphates
Hydrocarbons
Nitrates

335
75
60

85
0
15

---

--

470

100

Total

TABH II (b)
1
Estimated direct and converted particle emissions from all countries due to human activities

(units of 10 6 metric tons pet year)

2000

1968

> 5 microns

<5 microns

< 5 microns,

Direct particle emissions4
Transportation
Stationary sources
(fuel combustion)
Industrial processes
Solid waste disposal
Miscellaneous
Total

0.4
33.8

1.8
9.6

44.0
2.0
23.4

12.4
0.4
5.4

--103.6

--29.6

100

Particles formed from gases 4
Converted sulpliates
Converted nitrates
Converted hydrocarbons
Total

20
5
0

--25

200
35
15

--250

450
80
50

--

580

IFrom J. T. Peterson and C. E. Junge, "Sources of particulate matter in the atmosphere", Study of Critical Environmental Problems,
Mass. Inst. Technology, Williamstown, Mass. Workshop of 1970 to be published in 1971.
'
2Particles whose diameters are greater than 5 microns appear as
one ten-thousandth of a centimetre.

> 5. Those with a diameter less than 5 microns as <

3Yolcanic emissions are highly variable from year to year.
4These emissions (for both 1968 and 2000) use the amount of emission control available in 1968.

5. A micron is
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Tables II (a) and II (b) list the annual quantities of natural and man-made particles emitted into the atmosphere
in 1968 with predictions to the year A.D. 2000 when available, First, it must be emphasized that the numbers are
only estimates, often based on highly imperfect information. Second, where possible, a distinction is offered between
the quantity of fine particles, those with diameters smaller than five microns and larger ones. The reasons for the
distinction are twofold: first, the large particles, when released near the ground fall out much more quickly than the
fine or smaller particles; second, the fine particles are about the same size as the wavelength of solar radiation so
they are more effective in preventing the direct transmittal of solar radiation to the ground than are the larger ones,
given the same mass of particles.
Table II (b) already contains the control measures effective in 1968. Unless steps are taken to improve the
control measures in future years, the quantity of man-made particles may increase two to fivefold above the values
in 1968. However, the quantities predicted to be released in A.D. 2000 will still fall short of the natural emissions
from salt spray, volcanoes and so forth.
It may be surprising that Tables II (a) and II (b) show that sulphur dioxide and oxides of nitrogen, both gases,
constitute a source of atmospheric particles. Both gases have well-known sources from a host of human activities. It
has been shown that complex reactions take place within the atmosphere to produce the necessary conversion. These
reactions, it is believed, are also effective in the lower stratosphere and account for a secondary peak of particle
concentration with altitude in the lower stratosphere.

To predict the climatic consequences of increased numbers of airborne particles, many of their characteristics
must be known (such as their size, number, and optical properties), their altitude distribution, as well as the nature
of the atmosphere and the underlying terrain (such as albedo and moisture properties). Unfortunately, many of these
pieces of information are either unknown or so poorly known that it is not yet possible to predict with certainty
whether the lower atmosphere will warm or cool as more particles are added. For example, it is argued by Budyko
of the U.S.S.R. that the decreased transmission of solar radiation due to man-made particles observed over North
America and Eurasia may explain the global cooling trend at the Earth's surface since the 1940s. On the other hand,
Mitchell of the U.S.A states that the apparent cooling of climate in recent decades is unlikely to be attributable to
large-scale increases in particle pollution of the atmosphere resulting from human activ~ties.
Fine particles in the atmosphere may also act as nucleating agents either to initiate precipitation sooner than
would otherwise occur or to overseed and thereby inhibit precipitation. Many questions dealing with the effectiveness
of man-made particles and their competition with natural ones arise in this controversial area of meteorology. Some
of these difficulties may be circumvented by the examination of rainfall statistics downwind of major man-made
sources of particles. Unfortunately, despite claims of enhanced rain or snow downwind of steel and pulp mills in the
U.S.A., the evidence is still highly controversial. Schaefer in the U.S.A. argues that lead particles emitted from leaded
petroleum may become active freezing nuclei when combined with trace amounts of iodine to form lead iodide. Questions about local or regional modifications of precipitation may be resolved in the next decade. Global effects of
particles on rain and snow have not been proposed.
Water vapour

Water, so necessary for life, is not usually considered a pollutant. It is not normally toxic but does represent
an important constituent of the air. It may at times be a distinct nuisance; in some polar locales during winter, the
addition of man-made water to the air can seriously impair visibility.
Many human activities, including breathing itself, release water vapour to the air: the burning of fossil fuels
(petroleum and natural gas), irrigation (including enhanced evaporation from storage reservoirs), municipal usage,
and industrial usage (including evaporation from cooling towers). Partially compensating the increased emissions,
some human activities can reduce the addition of water into the air: deforestation, runoff from urban areas, and
deliberate use of evaporation inhibitors in lakes and reservoirs.
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Tables III (a) and III (b) list some natural and man-made contributions to atmospheric moisture. The numbers
for the man-made sources of moisture may be upper limits; in any case they are gross estimates. Despite this uncertainty, it is evident that over large regions, man's sources of moisture constitute a small fraction of the natural evaporation and evapotranspiration. However, locally, the man-made sources can be more important than nature's sources.
For example, in the western part of the State of Pennsylvania, U.S.A., a series of cooling towers evaporate about
40 metric tons of water per minute. Localized enhanced (but slight) precipitation and cloudiness may be occasionally
observed in the vicinity of these towers, about 20 kilometres beyond that the plume moisture usually becomes indistinguishable from the natural fluctuations of water vapour of the environment.

TABLE III (a)
Nature's hydrological cycle

(units of 10 12 metric tons per year)

U.S.A.

World

Precipitation

61

Annual evaporation

41

500 2
500 2

Runoff

2

---

TABLE III (b)
Some examples of man-made additions of water vapour into the atmosphere

(units of 1 0 12 metric tons per year)

U.S.A.
Consumption of fossil fuels 3

World
0.004

For 1965:
Irrigation 4
Industrial4
Municipal and rural domestic4

0.09
0.006
0.009

For 2000:
Irrigati 0 n4
Industrial4
Municipal and rural domestic4

0.126
0.022
0.025

Phreatophytes S
One complex of large
industrial cooling towers in
western Pennsylvania, ·U.S.A.

0.03
0.00006

lWolman, Pub!. 1000-B, National Academy of Science-National Research Council, 1962.
2Budyko, Soviet Geography, 1962.
3Following a U.S.A. report entitled "Restoring the quality of our environment" (1965), it is assumed that 14 % of liquid hydrocarbons and 25 % of the natural gas is hydrogen and thus is converted to water. The quoted value applies to 1967.
4 From the Water Resources Council, 1968 (U.S.A.). These numbers are "consumed" water; most but not all of the water quantities
shown in the table are released to the atmosphere during evaporation or plant evapotranspiration.

sFrom: T. W. Robinson, "The importance of desert vegetation in the hydrologic cycle", Union of Geodesy, Gen. Assembly (Canada)
2, 1957. These weed plants are believed to be largely due to human activities in the low precipitation section of the U.S.A.
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There are, however, selected regions of the atmosphere where even small additions of moisture may produce
significant consequences. One of these is the upper troposphere (10 to 14 kilometres altitude) where the air is very
cold and through which Jet aircraft fly. Condensation trails (contrails) from these aircraft are visible to all who live
near airlanes. Usually, these man-made clouds evaporate soon after formation. However, at times they persist for
hours, merge, and spread into sheets of cirrus clouds. But, it is often argued that these artificial clouds would have
been created naturally a short time later, anyhow. There is weak evidence from the weather records at two western
United States cities near major airlanes for a significant increase in high cloudiness since the onset of commercial jet
aircraft in 1958.
Clouds may also be produced by stratospheric moisture, although they would be restricted to limited regions
of the polar winter night and near the equatorial tropopause; the remainder of the lower and middle stratosphere
is too dry to allow either persistent contrails or clouds. More moisture in the stratosphere, it has been argued, may
also reduce the equilibrium content of ozone. The projections of stratospheric water vapour content from a future
supersonic commercial aircraft fleet suggest an average global moisture increase in the stratosphere less than ten per
cent of the natural content. The climatic effects of the resulting reduced ozone are not thought to be significant in
the presence of a large natural variability in ozone. However, some scientists have noted possible serious biological
consequences of the increased ultra-violet radiation that would reach the Earth's surface following a reduced ozone
concentration.
The sole set of systematic, reliable measurements of stratospheric water vapour have been obtained near Washington, D.C., U.S.A. by the U.S. Naval Research Laboratory. They indicate an increase from about 2 to 3 ppm
(by mass) between 1964 and 1970; since 1970 the upward trend appears to have levelled off. One may speculate
on the cause for the 1964-1970 increase, if it is real. Injections by high-flying aircraft or from the passage of space
vehicles through the stratosphere appear to be grossly inadequate to account for the observed increase in moisture.
The more likely but unproven explanation depends on the greater transfer of tropospheric moisture into the stratosj:>here. The natural evaporation and evapotranspiration rate of the globe is about a million-fold larger than the
observed stratospheric water vapour increase so that small changes in natural processes could account for the growth
in the stratospheric moisture.
Despite theoretical reasons calling for a decrease in ozone to accompany the reported increase in stratospheric
moisture, North American stations measuring ozone during the 1960s showed no such decrease. Since the ozone is
sensitive to stratospheric circulation patterns, it is probable that circulation effects have been more significant than
the increased moisture.
Water vapour plays an important role in the atmospheric heat budget and in its obvious availability for fogs
and rain. Except for certain sensitive points in the atmosphere, such as the upper troposphere and stratosphere, it is
unlikely that water vapour from human activities can play any significant role, except locally. More high cloudiness
due to aircraft operations can either warm or cool the lower atmosphere depending on the optical properties of the
clouds and the ambient air temperatures. limited experimental results thus far suggest a cooling of the lower atmosphere. Another climatic consequence of atmospheric water is the seeding effects of man-made ice crystals. If the ice
crystals from the artificial clouds drift to lower altitudes they might nucleate subcooled water clouds and thereby
initiate or alter the distribution of cloudiness and precipitation.

Other constituents
A bewildering variety of substances other than those noted above are regularly added to the atmosphere, such
as carbon monoxide, nitrogen oxides, and hydrocarbons. Normally when diluted into a hemispheric or global atmosphere, their concentrations become very small since few have very long lifetimes in the air. Scientists have not
emphasized their influence on the climate; but future studies may show that they too must be reckoned with.
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Conclusions
The' capability of human activities to modify the constituents of the itir can be judged with some small measure
of confidence. But the resulting climatic effects, if any, are almost entirely speculative. Many countries now have or
plan programmes to document better the changing air quality in the future. Despite a massive effort by several
organizations and countries, a satisfactory theory by which one converts changes in air qualities to climate variations
may be many years in the future. Until then, governments will be faced with difficult decisions whether or not to
implement new technologies which have strong benefits for their society but which may adversely affect the weather
and climate. Short of delay pending better information, government leaders can only turn to the judgement of the
wisest counsel for deciding their best course 'Of action. '
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WMO'S PLANS FOR MONITORING BACKGROUND AIR POLLUTION*

by R. A. McCormick

The impact that has been wrought on man's total environment as the result of the population "explosion" and
technological advances in the past century needs no amplification. Through the many studies being undertaken on
human settlements, use of natural resources, and environmental pollution of the land, water, and air, we can anticipate not only a world-wide appreciation of the scope of the issues involved, but, hopefully, also the establishment
of the requisite political and social protocols which may result in their eventual resolution. They can only provide
guidance, however, since the fundamental problems of both social and physical science, in many instances, have yet
to be stated, let alone to be solved in concept.
Of these problems, the most important one, and probably the most difficult to approach, is to determine in
what way and to what extent man's global environment is being adversely affected by the ravages of technology and
civilization. Once this problem has been solved, then the alternatives will be more evident, and public sentiment will
no longer be swayed by prophecies of doom on the one hand, or arguments of unrestricted exploitation on the
other.
The leaders of atmospheric science and of the world's meteorological services, have a vital role in the resolution of these problems of atmospheric environment - a role which is at once an opportunity, an obligation, and
a challenge. It is an opportunity to contribute to the well-being of future generations of man. It is an obligation
because the total composition or quality of the air and its variability is a meteorological matter. It is a challenge
because new vistas have opened in concepts of study and observational programmes which in many instances are
marked departures from standard research and operational activities of weather services.
Even before the
present wave of public concern over the decreasing quality of the atmospheric environment,
I
the World Meteorological Organization had launched studies and established networks of stations to create a more
compretensive understanding of these problems. Through the initiative and foresight of the WMO Working Group
on Atmospheric Pollution and Atmospheric Chemistry of the Commission for Atmospheric Sciences, the concept
of a global network of WMO background air pollution "stations" was originated and subsequently approved by the
Executive Committee. The Committee then appointed a Panel of Experts on Meteorological Aspects of Air Pollution
to act as the focal point of action to co-ordinate all WMO activities in this area as many Commission lines would be
crossed and unity, consistency, and continuity of effort was essential.
The primary goal of the background monitoring programme is to meet the need for a world-wide network to
determine regional and global trends in atmospheric constituents, particularly those of significance because of their
recognized or potential impact on weather and climate. It should be noted here that to carry out the intent of
this project also requires attention to the products of atmospheric cleansing processes (i.e., precipitation and dry
deposition) as well as direct and indirect measurements of air concentrations of "polluting" substances. It should be
fully recognized that the consequences of our findings will reach beyond those of effects on weather and climate;
the WMO programme must, therefore, anticipate the need for data relevant to the studies and problems of other
international organizations whose involvement with the atmosphere is as the transport or carrier medium.

* Lecture

prepared for Sixth Congress of WMO.
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The emission of most man-made pollutants into the atmosphere is essentially from "point" sources, stationary
or moving. These effects are most usually immediately manifest on the local or urban scale in affecting visibility,
the intensity and quality of sunshine, fog and precipitation frequencies, etc. The pollutant concentrations in cities
are usually the highest and have the most acute and obvious effect on human welfare (health, economics, and
a:sthetics). As a result their measurement is, by and large, already provided for by public agencies of various jurisdictions. In aggregate, however, these local effects become regional in extent, and possibly also of global concern,
as CO 2 studies would indicate. It is to these latter two problems, virtually undocumented, that the WMO programme
is addressed. Too much is at stake to wait until all doubt is removed on the effects of trends in atmospheric composition before inaugurating a surveillance programme.
As recommended by the WMO planners, two types or categories of station are required for the network to
satisfy its aims:
1. Regional air-pollution stations whose primary function is to document long-term changes in atmospheric
composition which may be related to changes in regional land-use practices or other activities (e.g. fuel utilization
changes) which would alter regional air quality. The size and character of a "region" cannot be precisely defined,
. but would depend mostly on climatological and topographic considerations. However, it would be anticipated that
each WMO country wants at least one such station.
2. Baseline air-pollution stations whose primary monitoring function is to document long-term global changes
in atmospheric composition. Only a few such stations, no more than ten or twelve, are deemed necessary over the
world. This is just as well as the siting criteria must, of necessity, be severely limiting, and the sampling and analysis
technology be very sophisticated and demanding in resources.

The siting criteria of the two types of station have been defined and can be stated briefly as follows: regional
air-pollution stations would be expected to be located in rural areas with no significant local sources of the pollutants which are to be me~sured; probably some secondary airport stations would be suitable", and baseline air-pollution stations should be located in as "clean" air sites as possible - mountain tops or isolated rocky island sites would
appear to offer the most advantages if they are not under regular air routes.
Much work remains to be done before the ultimate programme of measurements recommended for the network can be resolved. At the regional air-pollution stations, in particular, it will depend not only on the significance
of particular pollutants but also on a state of development of the sampling and analysis technology for each element
which will ensure uniformity and comparability of data over such a wide network. In general, most attention will be
paid to the shorter-lived pollutants.
The baseline air-pollution stations, being much fewer in number, will be essentially research oriented and
should have fewer problems of quality control and data comparability. Above a "standard" measurement programme,
the activities at each station would probably not be identical; and even the "standard" programme might utilize
different sampling and analytical techniques with inter-laboratory comparisons providing the mechanisms for data
comparability.
In order to get the WMO network in operation in the shortest possible time, an initial minimum measurement
programme has been recommended and adopted, and an operations manual prepared for the regional stations. A
prime requisite for this programme was that acceptable standardized techniques of sampling and analysis should
already be available or could easily be made so, particularly for the regional air-pollution stations. There the
minimum programme will consist of measurements of atmospheric turbidity and the co~tituents of precipitation.
At baseline air-pollution stations the addition of carbon dioxide measurements would satisfy minimum programme
requirements. Hence, this start is directed toward the documentation of the background levels of particles and CO 2
which in fact have the most important bearing on the energy balance of the Earth-atmosphere system.
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The figure shows the approximate locations of the stations committed to the WMO background pollution network. Some of the regional stations are now operating and the others are expected to become fully operational
when the WMO Operations Manual (part J) is distributed before the end of 1971. The baseline stations are expected
to join the network when acceptable methods of observation and analysis are established.
Further recommendations for the measurement programme, particularly of air concentrations of relevant
pollutants, will be made within the next few months. They will arise from deliberations of WMO experts and from
consideration of the recommendations of other international agencies and studies. Consideration will also be given
to sampling by aircraft and balloons in the stratosphere as well as upper troposphere. This would be advantageous
in two respects: (a) to check trends observed at ground level where seasonal variations could confuse the long-term
considerations, and (b) to isolate stratospheric phenomena from tropospheric phenomena such as the trend in the
Junge sulfate layer. It would be both premature and presumptive to anticipate further details at this time. However,
the emphasis will continue to be upon building a valid and scientifically sound foundation for a long-range WMO
programme to meet the needs for global monitoring of the air environment in the most expeditious manner. The
complexities of the total problem from site selection to analyses of selected constituents will require compromise
in some instances. Not everyone can expect to be satisfied with all aspects of the effort; there are not very many
countries, if any indeed, where full internal agreement on all matters of atmospheric pollution sampling and analysis
has been reached. But this fine spirit of co-operation that has been evident to date in the WMO gives promise that
internation~l accord can, indeed, be achieved on this vital programme.
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REGIONAL AIR POLLUTION

by Donald H. Pack and Robert J. List

Man has always polluted his environment with smoke from cooking and heating fires. Even as recently as the
early part of this century, burning of coal was the primary source of air pollution. Concern was centered on individual sources, or at most on localized source areas in cities. In the last few decades, many other sources of damaging pollutants were recognized. In particular, the automobile as a polluter has served to spread the source area of
concern to cover entire cities. Recent years have seen air pollution affecting areas beyond the city proper, with
the problem assuming much larger proportions. This attention to "regional" air pollution is encouraging. In the past,
remedial action has 'seldom been initiated prior to a dramatic disaster, or at best in a situation so obvious as to
create public outcry. Such delay has not only a cost in human suffering arid direct economic consequences, but
also makes corrective action more difficult, more time-consuming and more expensive. Early recognition of the
regional problem permits rational analysis, necessary research, and the logical development of institutions and
methods for corrective action before the pressures of environmental emergencies force hasty or even irrational
courses of action.
In the past few decades, the technological explosion has vastly expanded man's scale of activity. It is no longer
measured by a few kilometres walk to his fields, to his market, or to his factory. Now he commutes many times
these distances. Raw materials, fuels and energy can be easily transported. Management information can be readily
communicated. This has led to the dispersion of activities beyond the cities and the creation of significant pollution
sources scattered over wide areas. Large fossil fuel and nuclear electrical generating plants, for example, may be
tens or hundreds of kilometres from the users.
At the'same time, population growth and increas~g urbanization has caused the city to spread and merge
with its neighbours', creating vast urban corridors. The Tokyo-Osaka and Washington-Boston' corridors exemplify
this process.
Air 'pollution is increasingly a regional problem, as witnessed by the observed increase in atmospheric aerosols
in non-urban areas. Even though pollution control measures have reduced the numbe'r of days with very low visibility
due to smoke and smog in many urban areas, these same areas also show a decrease in the number of days with
vividly clear air. The reduction in atmospheric clarity is even more striking in rural areas formerly noted for exceptional visibility. Thus, while the acute urban problem has been improved, the ubiquitous spread of particulate matter
at lower concentrations has taken its place. Measured average particle concentrations in the United States range
from about five microgrammes per cubic metre in very clean air in remote locations to values near 100 microgrammes
per cubic metre in urban centres. Rural areas, neither remote nor very near the cities, have levels of about 40 microgrammes per cubic metre, almost an order of magnitude greater than remote areas and close to one-half the average
urban values. Other pollutant measurements show similar results, rural carbon monoxide levels are 100 times higher
than in remote areas, although very much less than on an urban street. Evidence is accumulating on the effects of
urban pollutants on agricultural products at significant distances from cities. Vegetation damage has been observed
tens of kilometres from the nearest probable source.
Finally, there has been the occurrence of "episodes" of high air pollution encompassing very large areas, with
pollution values well above average both in the cities and in the countryside. These situations, created by persistent
weather patterns that reduce atmospheric dilution, result in pollution readings near the annual maxima over areas of
100,000 square kilometres or more.
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Pollutants also interact on a regional scale. The interaction can range from the simple additive effect of successive emissions that are added as the air crosses a region to the more complex chemical and photochemical changes
that occur as the pollutants are intermixed by atmospheric diffusion. For example, the conversion of sulphur dioxide
to sulphuric acid is accelerated by the presence of metallic catalysts, such as magnesium or iron, and high humidities.
Thus, the gas cim be carried long distances without significant conversion, but on encountering emissions of the
metals, in an area of high moisture, change rapidly into the acid. Interactions on a regional scale can result from the
photochemistry of atmospheric pollutants. Oxidant pollution precursors, emitted before sunrise or under a cloud
cover, can be transported many kilometres, only to be converted hours later to more reactive and troublesome
pollutants when sufficient solar ultra-violet radiation activates tlw mixture.
Pollutant gases Can absorb on particulate pollution. If the particles are very small, they can be breathed in and
deposited in the lungs, causing locally high concentrations of pollutants in the body.
Pollutants can even affect regional weather and climate through their effects on solar radiation and on precipitation processes. Particles and aerosols attenuate solar radiation. For example, as much as 30 per cent of the incoming
solar ultra-violet radiation can be reflected or absorbed by a thick oxidant-type pollution layer. The effects on
precipitation are not well understood or documented, but there is growing evidence that pollution-produced nucleating agents increase precipitation within cities, the extent of the downwind effects remain to be determined.
One must also consider problems arising from the increasing output of heat and water vapour. Even now large
urban areas produce artificial heat emission of one-tenth to one-third of that due to direct solar heating. Indeed, one
calculation for New York City indicates that, in the winter, the city produces heat at a rate two and one-half times
that received from the sun. Although most of the effects from heat emission are relatively local, the spread of
urbanization to regional size suggests that weather changes over large areas are within the realm of possibility.
Increased atmospheric moisture supplies from cooling towers, evaporation ponds and the heating of natural waters
can add to the regional effects.

Purpose of "regional" pollution categories
The effects of air pollution are not limited just to "regions". Some pollutants, notably carbon dioxide, are
manifest on a planetary scale. Why then the need to define regions and to do analyses on such a scale? A primary
reason is the need to define a logical scale for remedial action. This scale cannot be so small as to fail to account
for the cumulative effects of emissions and their interactions on the atmosphere and on man. Nor can it be so large
as to make corrective action overly difficult for a variety of technological, economic, and political reasons.
Our information network, essential for pollution control, must be of a manageable size. That is, we need
measurements of emissions, air quality, communications, and decision making bodies of reasonable dimensions.
Prevention of further deterioration and correction of current adverse situations is best done by land use management in its broadest sense (establishment of emission standards would be included as a part of land management).
Our present industrial areas conform, more or less, to land forms (e.g., coastal plains, major valley systems, etc.),
to available transportation and communication networks, and to concentrations of natural resources. The problems
of, for example, the Ruhr, the Washington-Boston corridor, or the Tokyo-Osaka area are more readily measured,
defined and controlled than if all of west and central Europe, the 48 contiguous states in the United States or all
of the Japanese archipelago were included in one analysis. Use of these particular areas for illustration should not
imply that they necessarily constitute air pollution "regions". Much more data and study are required to establish
regional boundaries and each region may differ in size and character. This is the purpose of regionalization, to
define boundaries and problems. Let us add that standards for air quality, emissions, and surveillance will be needed,
nationally and on a global scale. These will form a framework for regional systems for management of air quality.
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Regional pollution sources
A listing of pollution sources on a regional basis will include not only the products of technology but .also an
inventory of materials of natural origin which are either pollutants directly (e.g., aero allergens, or disease producing
bacteria) or can interact with other pollution emissions to alter their characteristics. Emissions that result from
agricultural practices need to be considered. The trend toward industrial decentralization, spreading the more recognized pollution emitters away from the compact urban areas to locations 100 kilometres or more from the core
cities, must also be recognized.

Natural sources
The most obvious natural pollutant is wind-borne dust, but biological material, spores, pollens and bacteria
can be generated in amounts sufficient to cause problems far from their source. A qualitative assessment of sources
supplemented by measurements of airborne concentrations is needed for pollens, spores, and fungi, especially those
active in producing allergenic reactions or pulmonary mycoses.

Agricultural sources
Agricultural practices can create biological materials which can be considered pollutants, but the most obvious
pollutants are the organic pesticides and herbicides extensively used in commercial agriculture. Actually these interact with the natural sources since an outbreak of a plant pathogen (wheat rust, or corn blight, for example) may
cause greatly increased use of chemicals for treatment. Agricultural chemicals have been identified in urban air
samples, in low concentrations, although the points of origin were well outside the city.

Technological sources
This nomenclature is used rather than "industrial" since almost all of our present activities can create pollutants. Product usage can lead to pollution through evaporation (e.g., paints and solvents) or through abrasion
(e.g., brake linings and tyres). Smelting, chemical, construction, paper and pulp industries, and many others, add
to the atmospheric burden.
By far the largest and most important emissions are generated by direct energy conversion processes as fuel
is burned for transportation, electrical power production and space heating. Not only do these processes produce
the largest bulk of the pollutants, they are, especially for the automobile, increasingly emitted over wide areas, not
just in central cities.
The materials emitted from these activities include almost every chemical substance synthesized by man or
extracted from natural resources, together with the silicates and clays of the soil. A complete listing is impractical
but they include large and small particles; aerosols; gases; compounds of sulphur, nitrogen, and carbon; halogens
and radioactive materials.
Emission rates cover equally broad ranges. A few examples will provide a perspective. Carbon monoxide emissions from automobiles in a large city such as Los Angeles can range upwards of 10,000 tons per day. The largest
fossil-fuelled electriCal generating plant may emit nearly 1,000 tons of sulphur dioxide daily, while a single automobile driven 40 kilometres in a daily commuting cycle releases of the order of 100 grammes of hydrocarbons. In
the aggregate an industrialized region must cope with at least 1,000 tons of air pollutants per person per year.
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Pollution effects
The effects of air pollution are, like the variety of materials emitted, too numerous to permit a complete
listing. They can however be summarized into five classes. The first is damage to materials. This includes accelerated
corrosion of stone and metals, deterioration of paints and other protective coatings, and direct soiling of buildings,
houses, and clothing. Second, damage can occur to vegetation from direct contact of airborne pollutants or from
the deposition and subsequent plant uptake of undesirable chemicals. This damage can range from unsightly marking,
reducing the sales value, reduced yield, to destruction of the plant. A third class is the effect on man and animals
These range from increased human mortality rates during regional air pollution "episodes" to increased respiratory
ailments. In animals one of the more drastic effects is fluoride poisoning from grazing on contaminated vegetation.
The two remaining effects are, perhaps, more indirect. One is psychological and involves the undefined
malaise man feels when he is no longer in tune with nature and finds that he is the cause for this imbalance. The
last is the effect, as yet unquantified, of environmental alteration. The demonstrated effects, attenuation of solar
radiation, augmented thermal releases, local changes in precipitation amounts and character, have not as yet resulted
in dramatic, widespread climatic alterations. They do represent an early warning of the need to consider inadvertent
weather modification as one of the results of air pollution.

Regional problem appraisal
The preceding sections have described, briefly, the need to consider air pollution on a regional basis, the many
kinds of pollutants, numbering in the hundreds of chemical and biological species, aJ,ld the multitude of sources,
numbering in the thousands or millions in the emerging megalopolis. The question is how can these many factors
be appraised and future courses of action be chosen.
The primary tool will be a model of the air pollution region which relates the many sources of emissions to
the relatively few measurements of air pollution concentration, and which can predict the consequences of added
pollutants and the effect of various air pollution control actions on the subsequent concentrations. The ultimate
model will consist of many sub-models; sub-models for the emissions, for meteorological transport and dilution, for
removal of pollution by the atmosphere, for the effects of various pollutants singly and in combination, and for the
economic and social implications. All are needed to assess the direct and indirect consequences of action and
inaction.
The model, because of the vast amount of data it must handle and the interacting and non-linear character
of the problems," must be a series of mathematical statements, or algorithms, which describe as closely as possible
the real world. It is probable that the entire model will require modern high speed computers to solve, if only to
permit the evaluation of many alternative methods for achieving the desired environmental quality. However, for
some regions and for some sections of the problem less complex solutions may be the most "practical.

Regional models
We are not without guidance in the design of these models and sub-models. Mathematical descriptions of
traffic patterns, economic models, and models of the course of a disease have been constructed. Among the most
complex models in existence are those which attempt to predict atmospheric motions and weather patterns over
the entire globe. In the field of air pollution there have been for many years mathematical representations of the
spread of pollution from individual sources out to distances of a hundreq kilometres or so. In recent years these
efforts have been extended to model the air pollution from multiple sources. City-size models have been developed
for locations as diverse as Osaka, Japan; Bremen, Germany; Ankara, Turkey; and for Los Angeles, St. Louis,
Chicago, New York and other cities in the United States.
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All these models have three common factors:
1. An inventory of the source emissions over space and in time;
2. Meteorological measurements;
3. A mathematical algorithm to describe the transformation of emission levels to concentrations at a receptor.

All the models have a common need, the measurement of air quality (Le., pollution concentrations) sufficient
to determine if the model adequately describes the real situation.
All of the models provide data on the changes in pollution concentrations in time, or in both time and space
for the more recent'urban models. There has been a close interrelation, a feedback loop, between model predictions
and actual measurements. Because of imperfect data and inadequate phYSical understanding, it has often been
necessary to correct or calibrate the model to provide better agreement with observations.
When the scale of interest is increased beyond the size of urban areas we have much less experience for
guidance. There have been only a few attempts at estimating concentrations of p.ollutants from multiple sources
after travel and dilution over distances as large as 200 to 500 kilometres. These experiments all suffered from one
or more of the following defects: all sources not included in the model; only special weather situations studied;
atmospheric dilution and removal processes oversimplified; and inadequate information for evaluation.

Definition of an air"pollution region
It is not possible to establish rigid criteria to define an air-pollution region. Each case is unique. The region
must be large enough for control action to be effective and small enough to provide a manageable entity with an
assembly of common problems and common concerns. Among the factors which enter into such a definition are
the distribution of sources of pollutants, the distribution of population (while these may be similar, they are not
necessarily identical), geographic and topographic features, meteorology and, in practice if not in theory, political
boundaries.

Air air-pollution region must encompass an area over which the number, spacing, and emission rates of the
sources create a significant cumulative effect or have a significant interaction. It must include the bulk of the
population that is affected by these sources. It must take cognizance of the topographic features and distribution
of natural resources that constrain the region and of the meteorological parameters which characterize the area.
The very real problems associated with crossing political boundaries will not be considered here.
Perhaps a few examples will illustrate the range of scales and constraints that serve to define air-pollution
regions in the context used here. The Tokyo-Osaka and Washington-Boston corridors mentioned before are long
and relatively narrow areas, constrained by mountains on one side and the coastline on the other. They are highly
developed industrially and have a high population density. Transportation, communications, resources and topography have combined to form an area in which control measures, to be most effective, must consider large portions,
if not all, of the area.
The Los Angeles basin is an example of a much smaller region, but with more definite boundaries provided
by the surrounding mountains, the Pacific Ocean and the resulting climatology which inhibits the ventilation of
the basin and results in accumulation of pollutants. Even in such a clearly defined topographic area, new airports,
new communities, and new industries are developing beyond the natural boundaries of the basin and will one day
have to be considered in modelling the air pollution of southern California. Other examples of regions constrained
by natural barriers are the Columbia-Willamette Valley in Oregon and the San Joachim Valley in California.
Other regions may be more heterogeneous in their topography or their meteorology. The region around the
southern half of Lake Michigan is an example. While the large-scale wind regime over the area is irriportant in
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defining the meteorological ventilation the region will experience, the distinctly different surface characteristics of
the encircled lake will affect the vertical temperature gradients locally within the region and, in consequence, the
rate at which pollutants can be dispersed. Other combinations of geographical and meteorological influences may
serve to define a region, for example, a land-sea breeze regime with its diurnal cycle may be the primary control
on the transport of pollutants.
In the absence of clearly defined boundaries arising from topography or from the distribution of sources,
other rationale will be needed to circumscribe the region. Meteorology can be a guide. Persistent weather patterns,
particularly large anticyclones, create centres of stagnation or minimum ventilation which can assist in defining
boundaries. Average wind transport over a day can determine the space scale for photochemical reactions. Precipitation patterns and frequency can limit the area to be considered because of the removal mechanisms involved.
Considerations of topography, meteorology, and the existing major urban conglomerates provide some idea
of regional dimensions. Regions will probably be no less than 100 kilometres on a side. This minimum dimension
is consistent with the distance of travel of pollution during daylight or night-time periods at average wind speeds.
Maximum dimensions are likely to be 300 to 500 kilometres, representing pollution travel over two photochemical
cycles and also the extent of many of the topographical areas which are now largely urban and suburban. There
probably will be exceptions to these generalities, especially along coastal areas, where regions may be relatively
narrow but much longer.
The model's vertical dimensions are more easily approximated. This is the maximum depth over which pollution emissions in the region are mixed as they cross it. Calculations made from meteorological observations and
verified by air quality measurements indicate that this depth is readily determined. While it varies from day to
day and seasonally, a model which accounts for the pollution distribution between the ground and three kilometres
would be adequate for almost all regional applications ..

Regional model requirements
Before a listing of model requirements can be made, some assessment of what the model should do is needed.
It now appears that regional models should be able to calculate the field of concentration for all important pollutants over a space grid of about two to five kilometres. In the time dimension the needs are more stringent. It will
probably be necessary to determine the average concentration for each hour on this space grid. This will permit the
monitoring of trends and provide information in the event of emergencies due to accidental release of acutely toxic
materials. In addition control strategies, economic analyses, and health evaluations suggest a need for concentration
values averaged over a day, a month and one or more years.
The model should be able, given the proper input, to predict future pollution levels. For the short time scale
of an hour or so, this means determination of weather and emission parameters twelve hours to two days in advance
and, using these future values, calculating the field of concentration. Such weather prediction techniques place
extremely severe demands on the meteorological profession. On the other hand, pollution estimates further into the
future, say for a decade, change the requirements. Here the weather parameters can be described by their climatological averages but techniques to predict the location of new sources, the emissions from old and new sources,
and even the existence of new pollutants not currently of concern will be required.
If our model is to do these tasks then much improved inventory methods and data banks for pollution sources
must be developed. Current data often fail to provide accurate time histories of the emissions. For example, the
aggregate sulphur dioxide emissions over an area are often known only from annual fuel consumption together with
an average value for the sulphur content. Since fuel usage varies with season, with daily temperature, and with
power demands, determining exact values for any single source (or source aggregation) for a particular day and hour
is quite uncertain.
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There will also be needed more complete assessment of the effects of pollution, particularly on man, but also
on animals and plants as a function of the variations in concentration over periods less than a day and for the total
exposure over weeks, months and years.
The meteorological portion of the model is equally demanding. Since the direction of transport of the pollu.
tion must be determined in three dimensions and over short time intervals, a much improved observational system
is necessary. Observations of the vertical profiles of wind and temperature now made routinely by the national
meteorological services are spaced about 300 kilometres apart. Thus our average size air pollution region could fit
between the data points.
The requirements for an improved observing- system go beyond mere numbers. More accuracy and detail will
be required. Wind directions are now, for example, reported to the nearest ten degrees. When one applies the
conventional diffusion equations to the dilution from a single source over a distance of 100 kilometres, a wind
direction error of ten degrees can result in large errors.
A much more comprehensive knowledge of the physical processes which accelerate or retard atmospheric
dilution is needed. Our present knowledge of how the underlying terrain modifies the wind structure and temper·
ature profile and hence the dilution is inadequate. This is particularly true for air flow from rural·to·urban·to·rural
areas, a situation likely to be common to most regions. Additional critical areas requiring more knowledge are photo·
chemical and chemical reaction rates in the real atmosphere with its varying mixtures of pollution and moisture
levels. Finally, better quantitative information on the mechanisms and rates of pollution removal from the atmos·
phere is needed, both for deposition and impaction and for removal by precipitation.
Lest one is left with the feeling that this problem is completely new and unknown, we reiterate that we are
building on, and extending, successful efforts on smaller scales. Detailed emission data are being obtained, urban
networks for air quality and meteorological parameters are being activated. Urban models have successfully predicted
the distribution of concentrations over cities for seasonal and annual periods. Some success has been achieved with
more comprehensive models in the calculation of concentration fields over shorter periods (one to two hours)
particularly when reasonable removal and/or transformation processes were siniulated.
Thus we have a sound beginning and a basis for estimating the needs of regional models and the scientific
efforts required to achieve them.
In conclusion we quote Chambers: "So long as the air resource was almost infinitely large in relation to daily
withdrawal and use, its pollution caused discomfort and illness only in areas immediately adjacent to individual
sources. As regional and global populations increase, a time must come when human occupation of the medium
will threaten the quality of the total air resource ... ".
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ATMOSPHERIC SURVEILLANCE IN METROPOLITAN AREAS

by G. B. Morgan

Introduction
Air-pollution surveillance (monitoring) includes the systematic collection and evaluation of data and information on sources and emissions of air pollution, atmospheric concentrations of air pollutants, and meteorological
parameters. Some surveillance programmes are structured on a nation-wide basis, others may serve areas or regions
while others are concerned only with individual cities. The objective of each surveillance programme and its mode
of operation reflect the peculiar problems and needs. This paper discusses air-quality surveillance in urban and
metropolitan areas by presenting the objectives of surveillance, the nature and origin of urban pollutants, pollution
considerations in designing a monitoring network, a brief review of the instrumentation and methods available,
laboratory support and data acquisition and analysis support.

Objectives of surveillance
Air-quality surveillance needs to be conducted in each major urban area to provide data for the following
actions:
(a) To judge compliance with and/or progress made toward meeting ambient air-quality standards;
(b) To activate emergency control procedures to prevent air-pollution episodes;
(c) To observe pollution trends throughout the region including the non-urban areas (information on the non-

urban areas is needed to evaluate whether air quality in the cleaner portions of a region is significantly
deteriorating and to gain knowledge about background levels);
(d) To provide a data base for application in: evaluation of effects; urban land use and transportation planning;
development and evaluation of abatement strategies; and development and validation of diffusion models.

Nature and origins of pollutants
Air pollutants can occur in the form of gases, solid particles, or liquid aerosols. These forms can exist either
separately or in combinations; for example, gases may be sorbed on particulates or in liquid droplets. Gaseous
pollutants constitute about 90 per cent of the total mass emitted to the atmosphere, and particulates and liquid
aerosols make up the other ten per cent.
Gaseous pollutants are evolved primarily from combustion of fuels and refuse. In the case of sulphur oxides,
the burning of high-sulphur fuels in stationary sources is the primary source. High concentrations of sulphur dioxide
may be found in areas where coal and residual fuel oil are used for space or industrial heating. Motor vehicles
account for most of the carbon monoxide and hydrocarbon emissions which result from the incomplete combustion
of the fuel used.
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Particulate matter is emitted by a diverse group of sources and varies over a wide range of sizes, shapes,
densities, and chemical composition. Combustion of fuels, incineration of waste materials, and industrial process
losses are responsible for the major share of particulate pollutants. Even though particulate matter makes up only
ten per cent of the total quantity of pollutants released to the atmosphere, they arc a significant problem because
of their widely varying health and welfare effects.
Particulate pollutants are readily transported and dispersed by the wind. Small particles become long-term
residents in the atmosphere until removed by some process such as rainout, or by agglomeration into larger particles.
Included in this size range are the respirable particulates, that is, those particles smaller than about eight micrometres.
This range also includes the particles that increase atmospheric turbidity, which attenuates both solar and terrestrial
infra-red radiation, and therefore is capable of affecting climate on a global basis.
Given suitable conditions, many of the pollutants emitted directly from sources will participate in reactions
in the atmosphere that produce new pollutants such as those found in photochemical smog. Another example is
the combination of water vapour with acid anhydrides to produce an acid aerosol that is corrosive. Particulates may
provide a substrate for such atmospheric reactions or may contain trace metals which act as catalysts. Solar energy,
primarily the ultraviolet portion of the spectrum, accelerates these reactions.
Concentrations of pollutants are extremely variable from one city to another and also within a given urban
area. The relative intensity and spatial configuration of sources, the topography, and the meteorology of an area
affect pollutant concentrations. Zones of heavier pollution in each city are caused by the clustering of major sources
of air pollution, that is, traffic-congested business districts and industrial sectors. In cities characterized by good
ventilation, emissions are dispersed more rapidly than in cities that are surrounded by hills or where the winds are
low and temperature inversions are frequent.
Design of an air-quality surveillance network
An air-quality surveillance programme is composed of three distinct but interrelated elements: sampling networks, laboratory support, and data acquisition and analysis. With automatic (continuous) instrumentation, the
need for routine laboratory support is greatly reduced; but the problem of data transmission, validation, and reduction is increased. Network design entails such considerations as the number and type of stations needed, their
location, frequency of sampling, duration of eath sample, and thelike. The type of network specified for a given
urban area determines the requirements for laboratory and data acquisition and analysis support.
A network must be designed to provide for the measurement of both particulate and gaseous pollutants. The
network will typically consist of stations ranging in complexity from stations equipped with automatic instruments
for all major pollutants to stations consisting of ·single mechanical (integrated) samplers. Most networks will contain
stations of both types.
Knowledge of the existing pollution concentrations and patterns within the region is essential in network
design. The areas of higher pollution concentrations must be defined together with geographical and temporal
variations of ambient pollutant concentrations. The number of sampling stations required depends primarily on
the existing pollution concentrations, their variability, and the size of the urban area. Also, the number must be
adequate to allow definition of the area or areas where ambient 'concentrations may be expected to exceed air
quality standards. Information on air quality in other areas, including the non-urban portions of a region, should
also be collected.
The locations of sampling stations are critical. The small number of stations available must be located to
meet the objectives of the surveillance programme. Stations should be located to document the highest pollution
levels in the region, to measure population exposure, to measure the pollution generated by specific classes of
sources, and to record the non-urban levels of pollution.
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Considerations for the selection of a sampling site are usually the same whether the particular site is selected
for sampling one pollutant or whether the site will sample for several pollutants. It is essential that the sampler be
situated to yield data representative of the location and be not unduly influenced by the immediate surroundings.
Consideration must also be given to uniformity in height above ground level, nearness of sampling probes to
buildings, and proximity of sources of pollution.
The sampling frequencies for mechanical devices and the averaging times for automatic devices are dictated by
the ambient air-quality standards. For example, if standards are set in terms of days, hours, or minutes, then the
sampling frequency must be in days, hours, or minutes, respectively. Where standards are prescribed in terms of
annual averages and maximum daily concentrations, it may be impractical to operate the entire network on a daily
basis. Adequate coverage may be maintained with intermittent sampling at frequencies calculated statistically for
desired levels of precision. Thus, mechanical samplers may be operated on a sampling frequency typically of every
third or every sixth day. Twenty-four hour sampling should be consistent with calendar days, i.e. from midnight
to midnight, to allow comparison with standard meteorological summaries.

Methods of measurement
A variety of sampling devices is currently available for measuring air quality. The table illustrates the general
classes and their applicability. Mechanical samplers are most generally used in surveillance systems to collect
integrated samples in the field. The most common of these devices is the high-volume (Hi-Vol) sampler which
collects particulates on glass-fibre filters. Analysis of samples provides information on concentration of total suspended particulates, trace metals, and other selected organic or inorganic pollutants. In addition to the glass-fibre
fliter, the membrane fliter is used to collect pollutants such as zinc, asbestos, boron, and silicates. A modified
impactor is used to measure fractions of suspended particulates of various particle sizes in the respirable range ..
Other mechanical devices employing liquid impipgement may be used to collect sulphur dioxide, nitrogen dioxide,
hydrogen sulphide, carbon dioxide, and ammonia. These samplers, although typically designed for the collection
of 24-hour integrated samples, can be modified to collect one- or two-hour samples in sequence.
In the automatic sampler-analyser the collection and analytical processes are combined in asingle device. This
type of instrument produces a continuous analysis with the output in a machine-readable format or in a form suitable for telemetry to a central data acquisition facility. Continuous analysers of this type are now available for
carbon monoxide, carbon dioxide, nitric oxide, nitrogen dioxide, sulphur dioxide, non-methane hydrocarbon, total
hydrocarbon, methane, oxidant (ozone), and hydrogen sulphide. Many methods and instruments are presently
available for sampling and analysis. Acceptable methods for sampling and analysis are those that have been compared
with standard or reference methods and have proved comparable in accuracy, collection efficiency and in specificity.
Whatever method is chosen, caution should be exercised before buying an instrument that has not been field-tested
or shown to be reliable.
Continuous production of valid data requires that instruments be properly maintained. This includes calibration prior to installation and on a routine basis thereafter. Most modern continuous instruments provide for automatic dynamic calibration at least daily. Dynamic calibration either by permeation devices or gaseous mixtures is
preferred. Static calibration is subject to stoichiometric factors and does not take into account collection efficiency
of the continuous sampling instrument.
In the past, the operation of most mechanical and automatic analysers has been based on wet chemical
methods. These methods have inherent problems and are not entirely satisfactory for typical field applications
because they must be attended frequently, reagents are unstable, and the instrumentation requires complex plumbing and accurate solution pumps with the result that the instruments are heavy and bulky. Future instruments
hopefully will utilize the physical or physico-chemical properties of pollutants for identification and quantification.
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Laboratory support
Support of the surveillance networks will require laboratory operations ranging from very simple to highly
complex. The requirements for laboratory support, in terms of size and complexity, will be specified by the
pollutants of interest in the area, size of the networks, and the degree of pollution.
The design of a network must be accompanied by design of a system of data acquisition and analysis that
considers the flow of data and their use. Air-pollution surveillance is a far-reaching activity; it is defined as the
systematic collection and evaluation of aerometric and related data, including air quality, emissions and meteorological data. It should include the operation of local, State, national and global networks and in-depth studies of
individual areas and situations. Whatever the case, the results of surveillance activities are data and information so collected, structured, and presented to be of use to the researcher, the control official, industry and the public.

Classification of air pollution sampling techniques

Type

Use

Specificity

Common
averaging
time

Relative
cost (1)

Required
training of
personnel (2)

Remarks

Static
Settleable
particulates
(dustfall)

Mapping and definition
of special problem areas

Total settled particulates and general
classes of pollutants

1 month

Collection, low;
analysis, high

Collection, low;
analysis, moderate

Sulphation
devices

Mapping and general
survey for sulphur
dioxide

Responds to oxides of
sulphur, hydrogen
sulphide, and
sulphuric acid

1 month

Collection, low;
analysis, high

Collection, low;
analysis, moderate
to high

Well-equipped laboratory
required for analysis
only for definition of
problem areas where a
chemical analysis will
pinpoint a particular
source. Sensitive to
temperature, wind, and
humidity.

s
t;

::r;

('5

~

o

Mechanical
Hi-Vol

Integrated quantification of suspended
particulate

Total suspended particulate and multiple
specific pollutants

24 hours

Moderate

Moderate

Gas
sampler

Integrated quantification of gases

Sulphur dioxide, nitrogen dioxide, ammonia,
total oxidants, aldehydes, and other gases

24 hours

Moderate

High

Spot tape
sampler

Relative soiling index

Unknown

2 hours

Low

Low

z

Detailed chemical analysis of Hi-Vol and gas
samples requires
sophisticated laboratory,
trained chemists; cost is
high

CI:l

o>!j
~

tIl

~

oCI:l

Provides only a rough,
relative index of particulate soiling

altIl

:;0

('5

li

Automatic
Gas

Particulate:
soiling
(automatic
tape)

Continuous analysis of
gaseous pollutants

Continuous analysis of
soiling rate

Single gas or group of
related gases

Unknown

Continuous;
sample
integration usually 1 to
15 minutes

Moderate to high

Continuous;
sample
integration .usually 1 to
15 minutes

Moderate

Moderate to high

<:

Continuous measurements
allow use of any desired
averaging time by computation. Accuracy is
generally much better
than other methods.
Calibration is simplified.
Data are available
instantaneously.

::a
o

~

g

Moderate

(1) Low - 0 to $500; moderate - $500 to $2,000; high - above $2,000.

(2) Low - maintenance level; moderate - technician; high - experienced technician or professional with professional support staff.
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METEOROLOGICAL ASPECTS OF LOCAL HIGH-CONCENTRATION AIR POLLUTION

by F. Pasquill

General role and action of the atmosphere
The discharge into the atmosphere of gases and small particles from combustion and chemical processes is the
beginning of a complex series of actions. These may be considered in three main stages:
(a) General drift in the prevailing airstream with progressive spreading sideways and vertically;
(b) Chemical and physical transformation in the airborne stage;
( c) Removal from the atmosphere by various natural processes.

All these stages are important to some degree in controlling the resultant level of pollutant concentration. For
local effects, i.e., those within a distance of say ten kilometres from the source, the determining factor is more often
(a), though (b) and (c) cannot be generally ignored and may sometimes be decisive.
The general drift in the airstream introduces a particularly effective and direct dilution of pollutants that are
continuously emitted. Then the pollutant emitted over a given time will tend to be distributed through a volume of
air directly proportional to the wind speed. In this respect wind speed is one of the most important meteorological
factors.
Apart from the general transporting action and initial dilution, the lower atmosphere also exerts a progressive
diluting action, through the vertical and sideways spreading by the turbulent and convective motions which disturb
an otherwise steady flow. In the same way material released in concentrated batches is spread alongwind as well as
vertically and sideways.
The intensity of the turbulent variations in the wind is greater when the underlying surface is rougher, and it
is markedly affected by the day-time heating or nocturnal cooling of the surface. This heating and cooling produces
characteristic changes of air temperature with height: a fairly rapid fall (strong lapse) during day-time or an increase
with height (inversion) during night-time. The intermediate (neutral) condition is a slight decrease with -height. The
strong lapse (unstable) and inversion (stable) profiles of temperature correspond to enhanced or suppressed vertical
mixing of the atmosphere. The depth of the atmosphere over which rapid vertical mixing extends (the mixing depth
or layer) depends on the temperature profile and is frequently limited decisively by an overhead stable layer in which
there is an inversion.
The velocity fluctuations which produce vertical spread are so rapid that in most cases their full action is
achieved in ten minutes or so - i.e., in so far as the concentration downwind of a continuous emission is dependent
on'vertical spread, the concentration will have reached a fairly steady value when exposure to the effluent has
continued for such a period. However, those fluctuations (in wind direction) which affect sideways spread also
include very much slower variations, extending over hours and days. Accordingly the reduction of average concentration by crosswind spreading continues progressively as the exposure time of interest (or sampling time) is extended
into tens of minutes, hours, days and so on.

50

METEOROLOGY AS RELATED TO THE HUMAN ENVIRONMENT

Theoretical treatments of dispersion
The literature available on the theoretical treatment of the effects of atmospheric turbulence in diluting windborne material is now very extensive (Pasquill, 1962 [1]; Slade (Ed.), 1968 [2].) All treatments demand idealization
of the wind flow as a prerequisite for representing the dispersive action in a way that can be handled mathematically.
Different degrees of sophistication are attempted in the various mathematical analyses but all the resulting dispersion
formulae are necessarily of common form to the extent that the concentration downwind of a continuous emission is:

(a) Directly proportional to the rate of emission;
(b) Inversely proportional to the product of the wind speed, the crosswind spread and the vertical spread.
The product in (b) represents the effective volume of air over which a given amount of material has been spread
and neglects effects of wind speed other than that of direct dilution. In this respect the theoretical treatments do
no more than formalize relations expected on simple physical grounds" and their most important potential is in
correctly representing the magnitudes of the spreads in relation to measurable meteorological properties.
The fact that the theoretical treatments refer to idealized conditions of wind flow and terrain, which are rarely
realized in situations for which air pollution is a problem, is often quoted as a criticism of their inherent value.
Moreover, such are the virtually random variations in the apparent dispersive behaviour of the natural atmosphere
that at best the theoretical treatments offer estimates of average behaviour, from which the behaviour on individual
occasions may be expected to depart to some extent. It is important to keep these reservations in mind, but there
are many ~ituations of weather and terrain and many types of practical questions for which it will be technically
useful and economically. worth while to be able to make estimates of li~ely pollutant concentration without embarking on difficult and prolonged measurements of actual pollutants or of tracers simulating them. In all cases it is preferable that the application of the theoretical treatments should be made by scientists with meteorological experience,
who can make as much allowance as possible for the particular nature of the site and terrain and for the non-ideal
nature of the air flow.

Practical systems for estimating dispersion
In any practical system for estimating the dispersion of pollutants the aim must be to combine to the best
advantage three components:
(a) The idealized theoretical treatments, reduced to a simple but flexible type of formula;
(b) The practical experience gained from tracer studies and previous air pollution surveys;
(c) The specialized knowledge available or obtainable on the particular configuration of the emission site and
the area downwind.

In addition to the information on wind velocity, which includes the general direction which is important in
defining the zone affected, the main meteorological problem is that of appropriately representing the crosswind and
vertical spreads. Full use of the available theoretical treatments requires meteorological measurements which, except
in special and limited projects, are too detailed and specialized to be routinely obtained. Examples are the fine detail
of the temperature profile near the ground and the magnitude and scale of the turbulent fluctuations. For general
and extensive practical use the estimation has to proceed in terms of routine meteorological data.
Of the available routine data the factor most directly reflecting the amount of day-time surface heating or
night-time cooling (hence the "stability" in the lower atmosphere) is the amount of cloud. Combinations of state of
the sky and wind speed' can be defined to represent categories of stability and "normal" values of the spreads can
be assigned to them. A system on such lines (Pasquill, 1961 [3]) has been in extensive use for some time. Rough but
useful estimates of the effects of a given source on the level of pollUtion may thus be made given only the wind
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speed and direction and state of the sky (with the locality, date and time otherwise determining the amount of sunshine). Such a system can be used in planning studies and also in operational studies in the absence of special
meteorological data. Improvements in various aspects of the system may be expected as basic knowledge is increased
and experience gained (Pasquill and Smith, 1970 [4 D. The accuracy achievable depends on how well the terrain and
flow conditions conform to the ideal state and on the correctness of the meteorological data. On individual occasions
the actual short-term concentration may differ one way or the other from that estimated, by a factor of several-fold.

Effect of elevation of sources

The significance of the usually gradual nature of pollutant emission as regards dilution has already been noted.
The other very important characteristic of the source is its height above the general ground level. Elevation is advantageous as long as the plume of pollution is not deflected downwards as a whole. Then a definite amount of vertical
spread (and a corresponding amount of crosswind spread) must occur before the edge of the plume reaches ground
level. The more intense concentration of pollution close in to the source is thereby avoided at ground level, and the
maximum concentration occurs some distance away, depending on the height of the source. Beyond this point of
maximum concentration the ground level concentration decreases, always being less than that which would have
occurred had the same source been at ground level, but tending closer and closer to this value as distance increases.
For a given source elevation the distance at which the pollution appears at ground level with maximum effect
depends on the rate of vertical spreading and hence on the stability of the atmosphere. Thus, in unstable conditions,
the effects of an elevated source may be apparent at very short range. On the other hand in stable conditions it has
been known for an elevated plume to travel tens of kilometres without affecting the ground.
Wind speed has an important effect on the behaviour of an elevated plume. In addition to the diluting effect,
it controls the amount by which a hot plume may rise above the. chimney and thus determines the effective total
height of the plume. A strong wind keeps the plume low, so that a relatively small amount of vertical spread is
required for the ground to be affected. This effect of wind speed is in opposition to its direct diluting action. It is
also likely that, at the greater heights reached by modern power station plumes, the relative magnitudes of the vertical and crosswind spreads are also affected by wind speed, but to an extent which is not yet clear. The overall
influence of wind speed may thus be rather more complex than is assumed in the usual simple model treatment of
an elevated source. However, recent surveys [5] suggest that except in a combination of light wind and unstable
conditions the concentrations are, on average, somewhat less than those estimated from the simple model, in which
the ratio of the spreads is taken to be a constant independent of wind speed and distance.

Multiple sources
Although there may be considerable interest in the effects of a single large source of pollution there is also an
obvious and perhaps overriding interest in the combined effect of an array of various sources in an urban-residential
area or an urban-industrial complex. There has accordingly been special interest recently on the methods of making
estimates of pollutant concentration in such cases, using source inventories and meteorological or climatological data.
This so-called "mathematical modelling" of the effects of multiple sources is essentially a matter of summing individual contributions, which, in the simplest context, are independent and directly additive.
The summation may be carried out in two ways:
(aj By a mathematical integration - which is possible for certain simplified forms of the dispersion formulae -

leading to a convenient formula representing the overall effect in terms of the total output over a specified area;
(bj By.a numerical summation on a computer - the effects at any point being first evaluated separately for

all sources .or convenient combinations of small sources.
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It should be emphasized, however, that both methods depend. ultimately on the validity of the dispersion formulae,

and on the quality of the data on source inventory, wind speed and direction, and spread.
Both methods have been tried, though recently the emphasis has been on the second [6]. Very extensive arithmetic is required but this can be carried out very quickly on modern high-speed computers. It is debatable, however,
whether the realism of the final answers is always likely to be enough to justify the great elaboration advocated in the
the numerical models. There is some indication (Gifford and Hanna, 1970 [7]) that a combination of both methods
may be advantageous in eliminating much of the numerical labour without seriously reducing the validity of the
results. The advantage may be particularly significant when use is made of the principle that, other things being
equal, the concentration at a given position will be dominated by the sources in a relatively small area immediately
upwind.
It is to be expected on theoretical grounds and is evident from practical surveys that in a multiple-source
. situation, concentrations vary widely from position to position in the area, and from time to time. Nevertheless,
the concentration averaged over a long time and over the whole of the multiple source area may be predictable with
fair accuracy (within a factor of say, two). On the other hand the concentration estimated for a particular position,
even when averaged over some hours, may be very much more in error (Marsh and Withers, 1969 [8]). Thus, although
much of the point of method (b) lies in the prospect of correctly representing variability of the concentration in
space and time, this seems unlikely in respect of individual positions and periods. It is possible, however, that the
application of the method to a large number of periods may provide a realistic estimate of the range of variation at
a given position (Pasquill, 1969 [9]).

Complexities of weather and terrain
It has already been emphasized that ideal conditions of flat uniform terrain and smooth airflow are necessarily
assumed in any simple generalizations about the local distribution of air pollution. In practice there are many departures from this ideal, the more important being as follows:
(a) The effect of buildings. Collectively, buildings affect the general level of turbulence in the airflow. Some

useful allowance for this may be estimated when the dispersion has proceeded sideways and vertically well
beyond the sizes of individual bUildings. The principal difficulty arises from the immediate local effect on
a nearby source of the aerodynamic disturbance by an individual building. At present only crude generalizations can be made of the effect of bUildings. Wind tunnels may offer the best hope for accumulating the
necessary experience (Halitsky, 1968 [10]).
(b) Topographical effect. Irregular terrain introduces important modifications to the general drift of pollutants.
Apart from the physical deflection and channelling of the airflow, down-slope (drainage) winds occur from
cooling at night and up-slope winds from heating during the day. Dispersion of pollutants is adversely
affected by the vertical confinement of the air in valleys in stable conditions and direct prevention of crossstream spreading by valley sides. Useful attempts have been made to allow for such effects in the adaptation
of the methods applicable to flat terrain.
(c) Light winds and calms. These are the conditions which, especially in association with slow or restricted

vertical mixing or with topographical confinement of the airflow, lead to disastrous air pollution incidents.
The slow drifting and weak dispersive action of the atmosphere is then not readily and reliably estimated
by the usual procedures. When the customary procedures are extended, their results must be regarded with
caution and more reliance should be placed on actual experience of particular sites in stagnant air situations.
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Warning, forecasting, climatology
The ultimate basis for the preparation of warnings or forecasts. of the incidence of critical levels of air pollution
is in the known relations between the concentration field, the source distribution and the meteorological conditions.
In principle, therefore, a warning procedure may be designed in terms of continuous measurements of a Significant
meteorological parameter - such as the level of turbulence or the detailed form of the vertical profile of temperature from which these relations may be evaluated. In the practice of warnings and forecasting, as in that of planning and
operational studies of air pollution, the meteorological requirements must generally be reduced to those normally
satisfied in the regular programme of a national weather service. This means that the parameters of the source-dispersion relation must be in terms of wind speed, broad vertical profile of temperature as available from routine upper
air data, and state of the sky.
The only general system (McCormick, 1970 [11]) known to be in current and continuous operation is based
on forecasting the expected occurrence and continuation .of geographically large areas of stagnant air, within which
a build-up of pollution would be possible. Extension of this purely qualitative "air pollution potential" forecasting
is available by using a simple "box" model in which the pollutant is assumed uniformly distributed over the "mixing
depth". The product of this "mixing depth" and the wind speed constitutes an effective dilution factor to be applied
to the amount of pollutant released upwind of any position. An approximation to the "mixing depth" is available
from the routine upper-air data by applying the same procedure as the weather forecaster uses for estimating the
likely vertical extent of convection.
A further possible step in the development of pollution forecasting would be to use forecasts of wind speed
and cloud cover, to derive a forecast "stability category" which could be used in more detailed calculations of
concentration. It would be important in any such further elaboration to keep in mind the very rough quality of the
final answers.
The climatological statistics on wind speed, wind direction and cloud amount, prepared from routine observations, are immediately useable in any requirement for the estimation of long-term average concentration or of the
frequency of incidence of specified levels of pollutant concentration. The procedure does need to be used with caution, not only because of the inevitably crude representation of the dispersive action of the atmosphere, but also
because there may be correlations in the occurrence of the basic meteorological elements (e.g. cloud cover and wind
direction) which are not evident from separate statistics of these variables.
There is now the possibility of deriving a more specialized climatology for such features as the mixing depth
and stability categories, but so far such analyses have been on a very limited scale.

Transformation and natural removal of pollutants
The pollutants of major interest are neither chemically inert nor permanently retainable in the atmosphere and
their dispersion after release is accompanied by a complex chain of chemical reactions (Junge, 1963 [12]) and physical removal processes.
One of the most important transformations is the solution and oxidation of sulphur dioxide to give sulphuric
acid and sulphates. The solution may occur at free water surfaces, on wet ground and other solid surfaces, on vegetation, and in drops of fog, cloud and rain. The process is of immediate practical importance as regards corrosion of
materials. If the oxidation is in the presence of ammonia, hygroscopic ammonium sulphate results and in aerosol
form this has an important effect on visibility. Transport to ground in rain or direct uptake at wet surfaces (including vegetation even in a nominally dry state) progressively depletes the atmosphere of the sulphur dioxide or secondary products. The relative amounts of sulphur dioxide deposited and remaining airborne depend on many factors,
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such as the initial elevation of the source, the dispersive conditions, the intensity of rain and the nature and wetness
of the underlying surfaces. The complexity of the processes is reflected in the variability of the effective life-time of
sulphur dioxide in the atmosphere - estimates range from an hour to several days (Junge, 1963 [12]; Robinson, 1970
[13]; Meetham, 1964 [14]); - and the significance of this to the concentration and effect of sulphur dioxide locally
requires continuing study.
The other chain of processes which attracts great interest is that which leads to the "photochemical smog" so
well known in Los Angeles. Photochemical dissociation of nitrogen peroxide, which appears to be enhanced in the
presence of certain hydrocarbons (including those in car exhausts), leads to the production of ozone which in turn
reacts with the hydrocarbons to form compounds with irritant properties. For these processes the favourable meteorological conditions are limited atmospheric transport and dispersion in the presence of abundant sunshine, a combination occurring most effectively in anticyclonic conditions in relatively low latitudes, especially when there is a
topographical impedance to the large-scale air flow, as in the Los Angeles basin.
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IMPLICATIONS OF INTENTIONAL WEATHER AND CLIMATE
MODIFICATION ON THE HUMAN ENVIRONMENT

by M. Neiburger

Objectives of purposeful weather and climate modification
Interest in amelioration of the adverse effects of weather phenomena, be they drought, flood, or devastating
windstorm, has been manifest throughout man's history. With the rise of science, the efforts for this purpose have
changed from prayer and placation of deities to active attempts to intervene in _physical processes on larger and
larger scales, and proposals to do so on a continental or world-wide basis have been put forth.
The objectives of this intervention extend from the protection of orchards from frost to the rendering of the
Arctic Oce-an navigable and northern Siberia favourable for agriculture. They may be classified in five general
categories: (1) to increase the yield of agricultural production; (2) to reduce the hazards of transportation by land,
sea, and air; (3) to reduce or eliminate property loss; (4) to reduce the economic costs and increase the profits of
domestic, commercial, or industrial activities; and (5) to promote the comfort, health and well-being of the population. For instance, attempts to augment precipitation are carried out to promote the growth of crops, to increase
domestic and industrial water supplies, or to augment hydroelectric power. Fog dissipation is carried out to facilitate
landing and take-off of aircraft. Experiments in modification of tropical storms are motivated by the desire to
reduce the loss of life and destruction of property accompanying their incursions over land.
If-and when the weather and climate is modified for one of these purposes, in addition to the benefits which
are aimed at, there may be unanticipated consequences. These may consist of immediately evident relationships;
for example, artificially stimulated rain which may benefit a farmer whose crop is wheat may also fallon the
cherry orchards of his neighbour at the time the fruit is ripening and damage or destroy the crop. Or they may
have effects on the general environment which are indirect and difficult to recognize.
It is desirable to appraise in so far as possible the inadvertent consequences of weather modification activities,
both those which are presently being carried out and those which have been proposed. To do this we shall first
briefly outline the various proposals for modification of weather and climate, and review their present status.

Methods proposed and present status
Modification of weather and climate on all scales, from the conditions affecting a small portion of a farm to
those prevailing over major portions of the Earth, have been attempted or proposed, but only on the smaller scales
have efforts resulted in consistent practical success,
At the largest scale, proposals have included the modification of the radiation budget of the Earth by the
introduction of clouds of soot or ice crystals into the atmosphere at particular latitudes and heights or by coating
_with carbon black the snow and ice surfaces at high latitudes, and eliminating the ice cover of the Arctic Ocean
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by pumping warmer water from the Atlantic Ocean into it. Because of the tremendous logistic problems involved
and because of the uncertainty of the consequences, these proposals have remained the subject of speculative discussions. Similarly, the possibility of modifying the large-scale weather systems of temperate and higher latitudes
is also in the sphere of vague conjecture.
With the development of more and more realistic numerical models of the general circulation of the atmosphere and numerical methods of weather prediction using high-speed digital computers, it may' become possible to
investigate the consequences of altering the radiational input of the surface boundary conditions of the atmosphere.
The feasibility and desirability of modifying the large-scale weather and climate could then be determined. The
improvements in measurement of the state of the atmosphere which are being undertaken in the World Weather
Watch and the Global Atmospheric Research Programme (GARP) will contribute to making investigations of this
type more valid.
At the other end of the scale, control of the microclimate of agricultural crops has been carried out with
considerable success for many generations. The use of windbreaks to reduce adverse effects of winds, and of
orchard heaters and wind machines to prevent damaging frosts are examples.
The intentional alteration of urban outdoor climates has not gone beyond the proposal stage. Examples of
the proposals include those for reducing objectionable concentrations of air pollution by modifying the meteorological conditions responsible for its accumulation. The use of fans to create more wind, the painting of the roofs
of buildings in alternate city blocks in a checkerboard pattern of black and white to promote convection by the
differential absorption and reflection of solar radiation, and the use of the rejected heat in electric power generating plants to produce updrafts are some of the methods proposed. For none of these proposals has the feasibility
been established, and some have been shown definitely to be impractical from the energetic standpoint.
The transformation of individual clouds and fog initially consisting of liqUid drops at temperatures below 0° C
into ice by seeding - introduction of dry ice (solid CO 2 ) or of silver iodide - is another example of a clearly
successful procedure up to that point. When the cloud is thus transformed the resulting ice crystals are usually much
larger than the cloud droplets previously present, and may fallout of the cloud. The further consequences of the
procedure depend on a number of additional conditions. If the air below the cloud is unsaturated the crystals may
evaporate completely before reaching the ground, and if the cloud-forming process is weak, the cloud may dissipate
and disappear. If the cloud is deep the crystals may grow further in falling through the cloud and be large enough
to survive the evaporation in the sub-cloud layer and reach the ground as precipitation. The release of the latent
heat of freeZing may be adequate to stimulate amplification of the upward flow of air and thus promote the growth
of the cloud to greater height and intensity. Thus under appropriate conditions seeding of cold (below 0° C) clouds
could be used to dissipate them or to augment precipitation from them. Success in attaining the desired objective
depends on being able to select the appropriate conditions.
The use of this procedure to clear fog from runways at airports, thereby enabling landings and takeoffs of
aircraft and reducing delays, has been carried out routinely. The seeding is accomplished by dropping dry ice pellets
from a small airplane flying a suitable distance upwind of the runway. Another successful method consists of
releasing liquid propane through expansion orifices; the expansion and evaporation of the propane cools the air
below the critical temperature for production of ice crystals. Because the te(mperature is below 0° C during only a
small fraction of the total number of hours of low visibility due to fog at most of the world's airports, this method
is only a partial answer to the fog problem.
Seeding clouds with dry ice or silver iodide is the principal method currently being used in the attempt to
augment precipitation. The targets may consist of individual clouds selected carefully on the basis of measurements
and computations and seeded by flying an airplane into or over them. Or the situation may be identified by more
general criteria and the seeding aimed at all the clouds over or immediately windward of the area requiring the
precipitation, in which case the seeding may be done with silver iodide smoke generators located at the ground in
the expectation that the upward air motion will carry the silver iodide particles into the clouds.
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To tell whether or not the precipitation from the treated clouds is greater than would have occurred without
treatment it would be necessary to know how much would have fallen in the absence of seeding. Consequently the
effectiveness of cloud seeding in increasing precipitation has been the subject of much uncertainty and dispute.
Earlier the field was divided between advocates who maintained that cloud seeding invariably increases rainfall and
those who questioned this conclusion. Today, on the basis of many statistically designed experiments a concensus
has been reached which agrees that under some circumstances seeding will increase precipitation, but in other circumstances it can lead to decreases. The problem of being able to differentiate between these circumstances has
become one of the central thrusts of current weather modification research.
One approach to resolving this problem is the use of computer models of the dynamics of cumulus convection.
A one-dimensional model has been used in selecting clouds which will yield increased precipitation when seeded
using pyrotechnic devices emitting large amounts of silver iodide. Randomized tests indicated considerable success
with this model over Florida, U.S.A. For convection over mountainous terrain (orographic cumulus) two-dimensional
numerical models have been developed. Systematic randomized tests for this situation have not yet been completed,
but results reported so far indicate increases on days with isolated showers but decreases on days with general
vertical motion, for instance with cold fronts.
General methods of identifying the conditions favourable for augmentation of precipitation in general storms
have not been developed. For winter storms over the Rocky Mountains of the U.S.A. it was found that when the
0
temperature at 500 millibars (about 6 km. elevation) was between _ 120 C and - 18 C large increases in snowfall
appeared to be caused by seeding; for higher or lower temperatures there was little or no effect. Other criteria for
determining the "seedability" of storms are used in weather modification programmes in various parts of the world,
but these usually are the same as the criteria which indicate whether natural precipitation will occur. Among these
other tests, some have resulted in apparent increases, others in decreases. No consistent explanation of the circumstances to which the differences are due has been forthcoming.
In some instances seeding experiments have been designed to redistribute precipitation, rather than to augment
it locally. Thus a programme is under way to study the feasibility of using cloud seeding to spread the snowfall
which now accumulates within a short distance of the eastern shore of Lake Erie over a larger area downwind. Other
experiments attempt to cause a larger fraction of the precipitation produced by air flOWing over mountains to fall
on the leeward side.
Procedures similar to those used to augment or redistribute precipitation have been applied in the attempt to
suppress hail and lightning. Hail causes considerable damage to crops, and lightning is one of the principal causes of
forest fires. The concept is that if convective clouds are seeded the conversion of the cloud water to ice at an
earlier stage than would take place naturally will prevent the development of large hailstones, which grow by
collecting liquid drops, and reduce the magnitude of the associated electric fields in the clouds.
Attempts to prevent the occurrence of hail antedate the introduction of modern seeding techniques. Gunfire
and rockets were used extensively. No systematic (randomized) tests were used to evaluate their effectiveness, but
in some places the results suggested that some protection was achieved while in other places the results were negative.
The use of ground-based silver iodide generators for suppression of hail also had contradictory results. In France a
reduction of hail damage was observed during the years when seeding was used as compared with previous years.
In Switzerland and Argentina randomized tests showed no overall reduction of hail due to seeding. In Germany tests
were conducted using a combination of ground generators and rockets to release the silver iodide, with no apparent
reduction of hail.
In the Soviet Union extensive programmes for the protection of crops from hail have used artillery shells or
rockets directed by radar to inject the seeding materials into the part of the cloud which theory indicates is the
location where growth of hailstones occurs. The experimenters estimated that reductions of 50 per cent'to 90 per
cent in hail damage were experienced in the very extensive areas being protected.
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For lightning protection seeding experiments have been carried out using ground-based silver iodide generators.
Preliminary results suggest a reduction of one-third in the number of lightning strokes. Another method which is
being studied involves dispensing small metal-covered nylon needles into the cloud in order to discharge the electric
field before it becomes large enough for lightning to occur.
To modify clouds and fog in which the temperatures are above 0° C various hygroscopic salts, surface reactant
materials, and electrical methods have been tried. To dissipate warm fog, heating by burning large quantities of oil,
mixing of warm dry air from above by flying helicopters above it, and ultrasonic vibrations have also been used
with indications of success under some circumstances. Attempts to augment precipitation from warm cumulus clouds
have been carried out using water sprayed into the updrafts and giant salt nuclei. Tests of the water spray method
in Australia and the United States showed it to require such large amounts of water transported to the cloud base
by aircraft as to be impractical. The use of salt particles seems more promising, with success in some cases reported
from Pakistan and India, but negative results in experiments in France, England, and East Africa.
The possibility of decreasing the intensity or changing the direction' of motion of tropical cyclones (hurricanes,
typhoons) to reduce the loss of lives and damage to property resulting from their incursion over land has attracted
much attention. The hypothesis that massive seeding of the clouds surrounding the eye of the storm will, by release
of the latent heat of fusion, decrease the pressure gradient and consequently the winds in the place where they are
strongest is being tested. In the few cases which have been seeded so far decreases in maximum wind strength were
observed, but the amounts of decrease were within the range of natural variability.

Intentional effects on the environment
Systematic studies have not been made of the degree to which the efforts which have been carried out so far
to modify the weather have significantly altered the human environment. Both because of the relatively small extent
and short duration of the experiments so far, it is difficult to distinguish the consequences from the natural variability. Even though in the early 1950s approximately one-third of the United States west of the Mississippi was
covered by contracts with commercial "rainmakers" and more than two million hectares in the Soviet Union have
been subject to cloud seeding for hail protection in recent years, the actual areas of cloud cover seeded at anyone
time is small and the net effects must be regarded as small increments added to quantities which have large natural
fluctuations.
Nevertheless the small increments may have large economic value. Thus it was estimated that if seeding
produces only a one per cent increase in the precipitation over watersheds feeding the hydroelectric plants of
Electricite de France it would more than pay the costs of installing and operating the necessary silver-iodide generators. The benefits of supercooled fog dispersal are estimated to be five times its costs. The value of the crops saved
by hail protection in the U.S.S.R. is estimated to be in the hundreds of millions of roubles.
The external costs, as opposed to the direct costs, have not been evaluated in these instances. In fog dissipation they may be minimal or absent. If the augmentation of precipitation above the dams of the hydroelectric
power plants produces a reduction over agricultural areas, or if the prevention of crop-damaging hail i~ accompanied
by a reduction in the amount of rain, crop yields may be decreased, and the value of this loss in crops should be
counted as a cost tending to offset the benefit.
Weather modification attempts are aimed for the most part at tempering the extremes within the range of
natural variability. Rain augmentation is attempted during periods or in places of water shortage, .to end droughts
or to render arid lands favourable to agriculture. The direct objectives are to render the environment more suitable
to human needs and desires. Except for the differences in needs and desires among people - the picnicker wants
sun and the umbrella-maker wants rain - success in attaining the direct objectives of weather modification would
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produce an improved human environment. The possibility that their attainment may be accompanied by unintentional and unanticipated consequences which may involve deterioration of the environment will be discussed in
the next section.

Unintentional and unanticipated consequences
The unintentional consequences of weather modification may involve immediate effects. One of these is the
possibility that areas more widespread than the intended target are affected. Thus Significant increases or decreases
in precipitation have been reported to extend hundreds of kilometres downwind of the target, and in some instances
upwind effects of similar extent have been reported. The fear that seeding to increase the precipitation in one area
would lead to a "rainshadow" in which the precipitation is decreased downwind of it has not been corroborated so
far. More often the same effect as occurs over the target, whether the desired increase or an unwanted decrease, is
indicated over the downwind area.
The possibility that this extension of precipitation effects to unintended areas may cause damage to the crops
there while the crops in the intended target are benefited was mentioned earlier. More frequently the neighbouring
land is planted with similar crops and subject to the same shortage of water, so that if the seeding produces an
increase the additional area coverage constitutes a bonus benefit. However, when the result is a decrease instead of
an increase (for instance Project Wh itf top ) it is the failure which is spread to a larger area.
Besides the effect on agricultural crops, natural vegetation. is affected by changes in precipitation. If the precipitation climate were altered artificially for a long period the distribution of natural vegetation would undergo
corresponding changes. If temperature changes accompanied the change in precipitation, as might occur due to
increased cloudiness and increased evapotranspiration accompanying an increase in rainfall, the changes in natural
vegetation would be larger. Accompanying changes in natural vegetation would be changes in animal life - insects,
birds, fish, and mammals - associated with it. Cooper and Jolly (1969) point out that the fact that the magnitude
of artificial increases in precipitation (estimated at 10 to 20 per cent) may be well within the range of natural
variability does not mean that weather modification will have little or no biological effect. The long-term structure
of plant and animal communities is determined largely by average climatic conditions, and not by climatic extremes.
While the specific nature of the adjustment of natural plant and animal life to the modified climate requires
detailed investigation, it is expected that the response will be different for different species, so that new associa·
tions of species will occur and new relationships among the abundance of species now associated will arise. In
particular, the present balances between insect species and plant pathogens and their hosts will doubtless be affected.
To what extent this shift will be adverse, with outbreaks of insect pests or plant diseases becoming more frequent
and more intense, is not known. Similarly, while it is not likely that noxious weeds will multiply explosively as a
result of presently contemplated increases in precipitation, some increase is to be expected, the amount of which
is uncertain.
The ecological effects of weather modification would take place gradually, over periods of several years or
decades. Though the total changes might be large, they would hardly be noticed while they were taking place.
The combined effect of intentional weather modification and the inadvertent modification of the environment by
pollution and urbanization may be much greater than the sum of the separate changes. The interaction of these
human interventions must be taken into account in assessing their consequences.
If weather modification is successful it will lead to changes in the distribution of human population. Besides
enabling sustenance of larger numbers of people by increasing agricultural production, increased precipitation in
arid and semi-arid regions would lead to conversion of presently inutilized areas to grazing or farming. In turn,
urban centres would grow to serve these areas, and the water requirements of the cities would create further
demand for artificial precipitation augmentation. The conversion of the land to agriculture and the development
of cities would contribute to further modification of the climate.

60

METEOROLOGY AS RELATED TO THE HUMAN ENVIRONMENT

The modification of weather and climate, whether intentional or inadvertent, affects human comfort and
well-being. For instance if the amount of sunlight reaching the ground is reduced, whether by pollution or by
artificially induced increase in amount and duration of clouds, there may be both physical and psychological effects.
While the adaptability of humans is so great that they can accommodate to extremely severe conditions, the susceptibility to disease and depression is greater under conditions of adversity. It is not known whether intentional
weather modification will contribute to these conditions or will ameliorate them. As to inadvertent modification,
the effects of urban developments on climate have been on the one hand to reduce the severity of the cold of
winter, thereby decreasing the need for warm clothing, and on the other hand to increase the discomfort of summer
heat and to reduce the pleasure of seeing clear blue skies and breathing clean fresh air.
In addition to the effects on agriculture, natural flora and fauna, and man, artificial precipitation increases
would affect the character of the Earth's surface. Particularly in arid and semi-arid areas, where the "need" for it
is greatest, precipitation leads to erosion, silting of reservoirs, and flooding. Since the roads, bridges and dams in
these regions were designed allowing only for the amounts of natural precipitation which occur, these structures
might be destroyed and have to be replaced if any considerable increase in precipitation were induced. Historical
and archreological monuments which have lasted because of the aridity of the climate might also be damaged or
destroyed; these are of course irreplaceable.

The methods of weather modification may introduce toxic materials into the environment. Thus the substance
most commonly used in cloud seeding in attempts to augment precipitation and to suppress hail or lightning is silver
iodide. Detailed toxicological information regarding this compound is not available, but on the basis of data for
soluble silver compounds the amounts currently used lead to concentrations in the air and in the rainwater which
are far below the threshold of toxic effects in man or other mammals. The possibility that its introduction in greater
quantities may lead to toxic concentrations, or that accumulative effects may occur cannot be excluded. Fish and
micro-organisms are much more sensitive to silver compounds, but even for them it appears that the concentrations
. presently being introduced by weather modification experiments have no harmful effect.
Lead iodide is almost as effective for cloud seeding as silver iodide, but much more toxic. If it were used
extensively it would have serious consequences on humans and on other animals.
Other materials used or proposed for cloud seeding include organic materials, such as phloroglucinol, metaldehyde and 1,5 dihydroxynaphthalene, and, for warm clouds, common salt (sodium chloride). Some of these, for
instance metaldehyde, are highly poisonous. Common salt, if used in high concentrations, is harmful to vegetation
as well as corrosive to metallic equipment.
The dispersal of materials into the atmosphere for weather modification should be subjected to the same
scrutiny as pesticides. The question whether they have direct harmful consequences, and whether by accumUlating
or being concentrated in the environment they have long-term effects, must be examined before their general use
is permitted.

Research required
The uncertainties expressed in the above discussion of the status of our knowledge concerning the effects of
intentional weather modification on the environment make clear that much investigation is required. Such questions
as the amount and extent of the changes in precipitation amounts produced by cloud seeding, the effects of these
changes on the distribution of plant and animal life, the influence of the intentional effects on agricultural practices
and urban developments, the unintentional consequences on human comfort and social and recreational activities all these questions remain to be answered before the desirability of any particular cloud seeding programme can be
evaluated. Similar questions occur in relation to all weather modification programmes; for those proposed for
continental or global changes, the need to answer them is all the more important.
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The interrelationships of the various factors are so complex that it will be necessary to construct computer
models of the processes involved in order to evaluate the effects. Initially these models must be based on crude
estimates because of our ignorance of the quantitative relationships involved. Even so, the results of computer
modelling should yield more reliable forecasts of the consequences of any particular programme than the intuitive
guesses which presently provide the basis for many policy decisions.

Needs for international agreements on procedures and controls
The atmosphere is a single entity in continuous motion which knows no national boundaries. Energy and
matter which are introduced into it over one country may influence the winds and weather of many other countries.
Matter which is put into the air over one country may obscure the sun or be deposited on the ground in another
country. Precipitation which is drawn from clouds in one country might otherwise have fallen on another country.
If it were possible to divert a tropical cyclone from striking the coast of one country the diversion might bring it
to the coast of another.
The possibility that actions within one nation may influence the weather and climate of other nations or of
the world as a whole make it clear that international agreements regarding allowable procedures must be developed.
Like other agreements which concern activities within one country which may be adverse to another, the agreements
should have provisions for monitoring and control. More importantly, be'cause of the unsolved problems in the field
of weather modification, there should be provision for stimulation and exchange of information regarding the
possibilities and consequences of weather modification.
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CHAPTER II

METEOROLOGY, HUMAN SETTLEMENTS
AND NATURAL RESOURCES

INTERACTION OF MAN AND HIS ATMOSPHERIC ENVIRONMENT*

by H. E. Landsberg

Man's tenure on Earth has been marked by his continuous struggle with climate. In his natural state, he can
survive only in a very limited climatic zone. He cannot cope with atmospheric environments that are either too hot
or too cold. The present-day 25° C annual isotherm encompasses about all the habitats our primitive hominid ancestors could dwell in. Adequate, year-around water supplies are also needed to give man and his sources of food fluid
sustenance. The 1,000 mm annual is6hyet delineates suitable habitats. During the era of human evolution, the past
two million years, relatively small climatic changes have taken place in the areas in question. But man has moved
from his cradle to all parts of the globe. This became pOSSible through the use of fire, probably first derived from
lightning - that kindled brush fires - and by the invention of shelter and clothing. Man, in his forays into a world
with hostile climate also found that water and food could be transported from their sources. Yet it took millenia to
conquer all parts of the globe. Only in our lifetimes have all deserts, ice fields, and ·peaks been conquered and partially occupied. However, the technology exists now to permit man's survival anywhere on earth and even in the
void of outer space. But we have to acknowledge that, in contrast to all other organisms, his adaptation to various
environments have been through cultural developments rather thah genetic [1].
Yet his history has been beset by insidious or calamitous effects of atmospheric conditions. Slow fluctuations
of climate have caused migrations, vagarious seasonal weather has brought starvation, and Singular events have brought
death and destruction. Even today we have not entirely freed ourselves from these influences. We must acknowledge
that even in advanced societies deaths from physiologically unbearable atmospheric conditions occur. Even in an
advanced country as the United States there are still annually an average of 900 deaths directly ascribable to heat
and cold. They usually exceed all other weather-caused deaths. The effect of heat is also notable when intervals of
excessive heat or cold hit populated areas. The bulk mortality statistics clearly demonstrate this. Kutschenreuter [3]
analyzed monthly mortality figures as related to monthly mean temperature, over many decades, in New York City
(see Figure 1). His results indicated that in a cold month of January the number of deaths is markedly higher than
in a warm one. The negative correlation is very high. In contrast, figures were not only considerably lower in July
but also yielded a positive correlation, i.e., higher temperatures mean more deaths, at a somewhat lower level of
correlation than in winter. Individual hot spells, especially when they occur early in the summer season, stand out
clearly in the statistics. After a pronounced temperature rise deaths abruptly rise above the expected values [4, 5].
Particularly vulnerable to such spells of abnormal heat are the very young and the old. Their regUlatory and circulatory systems are not sufficiently elastic to compensate for the sudden environmental stress thrown on them.
Climate also controls endemic diseases. This is usually an effect exercised on disease vectors, usually insects
and parasites. A typical example is malaria. The malaria mosquitoes cannot survive outside areas where annual temperatures are below 15° C and raInfall is less than 1,000 mm (see Figure 2). Another example is yaws, caused by a
spirocheta transmitted by a snail. This animal does not survive outside the 24° C isotherm and requires substantial
rainfall to keep the soil, in which it lives, moist (see Figure 3).
Things can get quite complicated when two vectors, rather than one, are involved in disease transmittal. This
is the case for plague where rats act as hosts of the infection-carrying fleas. The chain of weather influence has never
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been completely traced but the end effect is clearly demonstrable. Dry weather is conducive to plague infestation.
The number of fleas on trapped rats carrying the pest bacillus is directly related to monthly rainfall. The number
clearly decreases with increasing rainfall. The human plague cases can also be shown to increase, with a time lag,
after a spell of dry weather, but rapidly drop in the wet months [6].
Potentially, man has a fair chance to control the pathological manifestations of atmospheric conditions. He is
much more at the mercy of climate as regards his food supplies. Climate is the major variable that renders land areas
suitable for certain crops and unsuitable for others. Rainfall is usually the most critical element. It has also been
well established that rainfall is one of the most variable of climatic elements and, usually, the lower the annual
amounts the higher is the variability. Climate thus essentially determines what areas can be cultivated. The agriculturally suitable land resources of the globe are quite limited. With the burgeoning world population, weather-dominated food supplies are likely to be the critical element for the next few decades until a reasonable steady state can
be established [7, 8]. New varieties of crops have brought some relief. They are, however, highly sensitive to water
supplies. As long as rainfall is adequate and replenishes also the groundwater resources used for irrigation all is well.
With fertilizer requirements and pest control hopefully met, weather vagaries are still outside our present control or
even our forecast capabilities. Marginal rainfall areas cover vast territories which might otherwise be amenable to
cultivation. Most of them are surrounded by heavily populated areas and there is considerable pressure to bring
some of this land into production. Occasionally a few favourable years will bring the plough to these lands. When the
inevitable droughts come, stark disasters for farmers and whole populations occur. Climatic charting on a world-wide
basis coupled with probability estimates of the whole frequency distribution of agriculturally pertinent meteorological
elements is a necessity for rationallalJ.d utilization. A -largely unfilled responsibility of the meteorological profession
to the world comml!nity is clearly spelled out.
But not only on lanci are the harvests dependent on the long fluctuations of weather. Fish populations at sea
migrate in unison with temperature variations. In the highly productive coastal waters and estuaries yields are coupled
to temperature and salinity changes. The latter depend largely on inflow of fresh water, steered by the rainfall over
large drainage areas.
I have already alluded to the fact that shelter is the potent barrier between a hostile climate and the inhabitants.
Homes and buildings thus should optimally reflect this protective function. Obviously, this requires a thorough knowledge of climatic factors, especially because dwellings are built to last many decades. Climatic design errors can cause
high operating and maintenance costs. They become especially aggravating when they cause unnecessary demands on
scarce energy resources through excessive needs for heating or air conditioning. The building technology is available
to cope with climate in any part of the globe. But what remains to be strengthened is the co-operation between
climatologists and architects to exploit rationally available climatological knowledge toward this end [9, 10].
An analogous challenge arises in the design of larger structures, many of which are exposed to far greater
stresses than an individual house. Towers, bridges, tall buildings, schools, hotels, shopping centres all exhibit special
design needs to counter climatic risks and to offer safety and comfort for their users. Here often the rare meteorological events playa major role: tornadoes, hurricane winds, storm surges, ice storms, blizzards, floods. Climatol. ogists have made great progress in applying specialized statistical techniques to the pertinent problems of risks and
recurrence intervals [11].

Fortunately, the meteorological hazard of tornadoes is geographically restricted but where they occur, their
powers are utterly destructive. Although continuously improvi'ng short-range forecasts have served to reduce the loss
of life, many structures in their path are doomed. The climatological task in connexion with such disasters is manifold. Estimates of climatic risks can give guidance for insurance protection. Even better is the information that can
be given to structural engineers for improvements in designs that can minimize damages. Tllis principle applies to a
large number of other weather hazards. Lightning is another one of these. Lightning is less a danger to houses,
although still too many persons are killed through ignorance; it is a menace to power lines. It also is responsible
for many forest fires. Statistics of this element, which is probably the most legitimate target for weather modification, are woefully inadequate. The meteorologist here owes much information to his engineering colleagues.
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Devastating though the small storms are, they hardly compare in widespread deaths and destruction with their
larger cyclonic counterparts of tropical origin. The reason for this is usually not the wind force but its secondary
effect on coastal waters, causing devastating storm surges. The effect of the cyclone of November 1970 in the Bay
of Bengal is still too fresh in our memory to require elaboration. The appalling death toll, upward of 200,000,
stamps this as the worst weather disaster on record. But annually here and there hurricane effects are felt by people,
their crops, their dwellings and structures. Long series of observations enable us to assign probability levels of occurrence in all parts of the world. They can guide designs for essential structures and homes but even more important
they can offer guide-lines for land use in the endangered coastal zones.
Very few climatic regions escape disasters. In cold regions snow and ice offer major hazards. These can only
be briefly enumerated. In alpine-type mountains avalanches are common scourges in springtime. In the plains, drifting snow is quite a common occurrence in winter and yet it is a nuisance to the motorist and for commercial vehicles.
Glaze storms, aside from offering major hazards to traffic, usually cause much material damage to power- and telephone lines, radio and television towers, trees and shrubbery. Rivers and canals in regions with cold winters may
freeze over, regularly or periodically, requiring the use of ice breakers for navigation or temporarily halting water
traffic. At the end of the snow season many rivers in the world reach flood stage from the runoff of the melting
snow masses, often coupled with spring rains. In the natural stage the slow geological forces have formed flood
plains that used to contain the inundations. Man, however, in many places, has made use of this land. It is usually
highly fertile and commercially valuable because it follows the natural lines of communications in the valleys. Hydroclimatic studies of annual floods can give very reliable probability estimates for various flood heights. These can be
effectively used by engineers for the design of protective works along river beds.
In all of the examples of weather disasters the usual weather forecast can do little but alert people to an immediate impending danger. This will reduce loss of life and help individuals to secure their most valuable possessions.
But it cannot avert damage to fixed installations or forestall their destruction. This is where climatological forecasting
can take over. A climatological forecast is a forecast without date. It simply states that within a given interval of
time - let us say the estimated lifetime of a structure - a weather stress of a specific magnitude can be expected.
The stochastic theory of extreme values permits such statements. Extreme weather follows statistical distributions
developed for extreme values very well [12]. From such iriformation a builder or construction engineer can choose
an acceptable value of risk and design his structure accordingly. Regrettably, these statistical techniques have as yet
found too limited application in climatology. Yet they permit judgement for any desired risk level on the basis of
relatively short series (15-20 years). There is little excuse for neglecting climatic environmental hazards in engineering.
Such neglect will only lend force to the old adage: He who disregards history must be prepared to repeat it.
In recent years the use of climatological analysis has been expanded greatly in the realm of industrial plant
location. Where at one time considerations of availability of raw material, labour force, and transportation governed
economic decisions, concerns of the atmospheric environment have come to the fore. Of particular concern in this
connexion are fossil-fuel and nuclear power plant installations which are also among the bulwarks against climatic
exigencies, and a necessity of industrial societies.
Various aspects of atmospheric pollution are now primary considerati.ons. Protection of settlements and plant
communities have to be based on estimates of diffusion and dispersion by and elimination from the atmosphere
with the occasional complication by photochemical smog caused by solar radiations. These estimates are a far cry
from the primitive temperature and precipitation data of classical climatology. They have to be based on such parameters as frequency and height of ground inversions, direction, speed and gustiness of wind; intensity of solar radiation in critical spectral regions; and rain intensity.
Many other engineering tasks have to be underbuilt by climatic information. We can enumerate here only a
few: construction of reservoirs and dams; routeing and construction of highways and their protection against weather
hazards; location and layout of airports; planning of air routes [13].
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Among the most challenging tasks for the meteorologist is the assessment of man's possible influence on climate.
In the absence of accepted theories of natural climatic fluctuations this is a task that can only be approached through
research. Present knowledge rarely permits us to make categorical statements. But many such statements have been
made in recent years. They encompass the extremes. Some have foreseen a new man-ma.de ice-age, others have predicted warming intolerable for survival. Most of them have emanated from non-meteorologists. While we may assure
our contemporaries that a climatic doomsday is far away, it is incumbent upon us to pursue a vigorous research
programme to clarify the issues.
Particularly challenging in this context are the problems that might be caused by the feedback of pollution
into the climatic system. Here our concern is with nothing less than man's influence on global climate. Principal
focus of attention has been on accumulations of man-made carbon dioxide and suspensions, both of which might
cause shifts in the heat balance of the Earth. Present indications are that these effects are still subliminal but that
great vigilance is called for [14]. The activation of global monitoring is an urgent task of the meteorological services
of the world. Corollary is the need for meticulous maintenance of climatic reference stations to watch for verifiable
trends.
This is, however, only part of the problem. The effects of other trace substances in the atmosphere, their
effect on albedo of snow and ice surfaces or on rainfall distribution have as yet not been successfully tackled. A three
dimensional global climatology of condensation and ice nuclei, for example, is still a vision. Yet if man's effect on
climate through air pollution is to be assessed the meteorologist cannot shirk this task. This will, of course, have to
include a careful assessment of the pertinent effects of high-flying aircraft of various types, including supersonic
models.
Yet there are man-made influences on the atmospheric environment that are incontestable and measurable.
This applies to local areas, especially in and around cities where man's activities have created great changes. He has
altered the air composition by adding large amounts of liquid, gaseous, and solid admixtures. Some of them create
acute health hazards under certain meteorological conditions, which are characterized by low-level inversions and
stagnation in the air motion. They lead to the formation of "smog". The particulates intercept solar radiation and
reduce the short-wave solar intensities. They, together with hygroscopic nuclei, reduce visibility in and around cities
measurably. Many photochemical reactions also take place [15]. Fortunately, recent experiences with clean-air
campaigns have shown that these are reversible processes.
The main climatic effect of urbanization, however, is the creation of the well-known heat island. My associates
and I have had opportunity to study this effect in statu nascendi in the new town of Columbia, Maryland [16, 17].
Urbanization radically changes the land surface. Moist meadows are replaced by dark, dry parking lots. Woods and
fields yield to houses and buildings. The radical change of the surface has a profound effect on the heat balance.
Heat that was formerly reflected or used in evaporation is now stored in stone and under pavements. It is added
nocturnally to the atmosphere. This can be shown dramatically by infrared photographs. The man-made change in
the radiative balance at present is the governing effect in this location. It is an order of magnitude larger than other
anthropogenic urban heat production through metabolism, combustion processes, and industrial and domestic heat
rejection. In larger cities the latter can reach very high values and estimates have shown that in winter, in higher
latitudes, with little sunshine they can reach one-third to one-half the energy received from sun and sky.
The urban heat island has become an atmospheric reality with which the meteorologist has to reckon.
In large cities it does not only develop under clear skies, in calm weather, but is present to a lesser or greater
degree at all times. It can even be demonstrated in the mean annual isotherms [18].
The heat island has a number of meteorological consequences. It not only keeps noctural temperatures high,
it also induces a divergence in the wind field that occasionally results in an independent city-country breeze system.
It also affects cloudiness over the city with greater tendency for convective clouds to form. Occasionally this tendency
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can reinforce natural trends toward formation of showers and thunderstorms. In very slow moving moist air masses
the city can act as a "hot spot" adding just enough lift to set off a latent instability and feed energy into an incipient storm cell. It is, of course, difficult to prove that such local events could not have occurred in the absence of
the city but work elsewhere such as that of Atkinson [19] in London lends support to the view expressed here. The
implications of such city-induced weather conditions for the forecaster are, of course, very important. In many areas
most of his customers live in urban communities. Their daily activities are considerably affected by precipitation. If
events of SUb-synoptic scale playa major role for the forecast, present numerical prediction schemes are unable to
cope with the problem.
Equally important, but unexplored, are questions dealing with the effect of the nuclei plumes produced by
the cities downwind. Theory and observations both show that usually surface concentrations of pollutants drop
approximately exponentially with distance from these area sources. Therefore, downwind they are generally not of
concern from the point of view of health. Yet we know very little what they may do to clouds and precipitation
patterns to the lee of a city. Will freezing nuclei produced by various industrial and combustion processes stimulate
precipitation from subcooled clouds? Or will an over-production of hygroscopic condensation nuclei cause stable
clouds and reduce precipitation? Or can both of these processes tqke place but at different times? A wide field of
inquiry remains open here.
The totally different process of nocturnal cooling in the city and suburban or rural areas brings us back to
questions of physiology and comfort. Observations show that effective temperature changes in the evening in a city
and its suburbs are quite divergent. It may be recalled that the effective temperature is a good measure of discomfort.
In °c the boundary is about 23°. Often in summer the city's effective temperature stays above that level all evening
whereas it drops in the suburb to comfortable levels shortly after sunset. The city, in areas with high summer temperatures remains hot through most of the night and, even if people can afford air-conditioning, the interior heat is
rejected to the outside and requires atmospheric dispersal.
Effective temperatures beyond the comfort limit makes people irritable. Added to life's inevitable provocations
they can prompt outbreaks of violence. The coincidence of violent behaviour and high levels of effective temperature
is not fortuitous. It is deeply embedded in physiologic functions, which become disturbed when the environment does
not permit the necessary loss of metabolic heat. Here we have a much neglected contact point of meteorological,
physiological, and sociological factors.
So far our discourse has covered the dangerous and unpleasant features of the atmospheric environment, but
there are many pleasurable and healthful experiences suitable climates can provide. These climates are, indeed, among
the primary natural resources, which also constitute valuable economic assets. With the great current emphasis on
preventive medicine and the increasing leisure time, rational exploitation of such climatic assets are called for. This
has been a time-honoured practice in many regions but many other areas can still benefit by using climate for rest
and therapy, sport and recreation.
Many localities also have turned their wintry snow fields into a tremendous resource for healthy sports, good
for young and old. Snow falls and amounts, of course, are fickle and developers of winter resorts have to be gUided
by the climatic probabilities. Winter resorts are often also blessed, primarily because of altitude, by ample sunshine,
a commodity that appeals much to the sun-starved city dwellers of the low-lands of higher latitudes. Sunshine in
such settings as well as in others, especially in the regions of the subtropical high-pressure cells, is a valuable health
ingredient. It stimulates peripheral circulation and creation of pro-vitamin D, although it can also lead to sunburn
and certain skin cancers in susceptible persons. Proper dosage, based on spectral measurements of .solar radiation,
are a requirement for which the meteorologist should furnish the basic information.
In summer camping has become a widespread form of vacationing. When and where such a period of vacations
may be optimally enjoyed is another realm where the climatic figures may help families and individuals to plan
appropriately.
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The most weather-dependent sport is probably sailing, both for its enjoyment and safety. Wind and wave conditions in inland and coastal waters in climatic format for planning and as weather forecast for safe practice are
essential in this activity.
And finally, the beach is always a unique attraction for the seekers of exercise and relaxation. Its climate, the
. air and water temperature, the cooling power and the sky conditions are essential factors needed by those who wish
to enjoy a sea-side leave.
Intelligent use of climatic information can make man's stay on Earth safer and more pleasant. It is the task of
meteorological services to get this information into the hands of the users.
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Figure 3

THE QUALITY OF AIR AS A RESOURCE TO SUPPORT LIFE

by E. Eriksson

Introduction
Man obviously spends most of his time in constant contact with air. Since air quality is variable, man has
developed certain tolerance ranges to these variations. For instance, humidity may vary considerably without any
ill effect except discomfort. Temperature is also variable, but man has invented various devices to overcome discomfort, such as clothing, heating and air-conditioning. The atmosphere has recently been contaminated by man's
own activities and, in some cases, the contamination directly affects man's well-being. In other cases the contamination has no direct ill-effect on man himself but does detrimentally influence the environment on which he depends.
Therefore, although the present review centres on man, life in all forms must be considered since it ultimately affects
man. And, since most life-forms depend on air quality the justification for the subject is evident.

The composition of the atmosphere
Table I is a compilation of available data on the composition of the atmosphere. It is not complete since the
atmosphere most likely contains traces of all the elements known to occur in nature. The abundant constituents
like nitrogen and oxygen account for most of the physical properties of air. Some minor constituents are also
important, water vapour, for example, plays a major role in the heat budget of the atmosphere through its ability
to absorb radiation and transport latent heat. Carbon dioxide is fundamentally important to growth of assimilating
plants, which is the ultimate source of energy for all other forms of life. Carbon dioxide is, further, influential in
the heat budget of the atmosphere. Among the remaining gases a special group is the so-called rare gases: helium,
neon, argon, krypton and xenon, which are inert, i.e do not take part in any known chemical reaction. Their
presence, however, does reveal important features in the history of the Earth and its atmosphere.
TABLE I
The chemical composition of the atmosphere
Substance or element

Chemical
formula

Concentration in air
Number

Unit

Remarks

Gases
Nitrogen
Oxygen
Argon
Neon
Helium
Krypton
Xenon
Water vapour
Ozone
Hydrogen

N2
02
Ar
Ne
He
Kr
Xe
H2 O
03
H2

78.101
20.946
9170
18.2
5.24
1.14
0.086
2
2
50

~

~

per cent (v)
per cent (v)
ppm (v)
ppm (v)
ppm (v)
ppm (v)
ppm (v)
per cent (v)
pphm (v)
pphm (v)

Constant
Constant
Constant
Constant
Constant
Constant
Constant
Highly variable
Variable. See tex t
Apparen tly constant
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Table I (contd.)

Substance or element

Chemical
formula

Concentration in air
Number

Remarks

Unit

Gases (contd.)
Carbon dioxide
Carbon monoxide
Methane
Nitrous oxide
Nitrogen oxide
Nitrogen dioxide
Ammonia
Sulphur dioxide
Hydrogen sulphide
Hydrogen chloride
Bromine
Iodine

CO2
CO
CH4
N20
NO
N02
NH3
S02
H2S
HCl
Br2

317
~10

~

~

~

~

~

~

1.5
30
0.01
0.1
0.5
1
1
1

ppm (v)
pphm (v)
ppm (v)
pphm (v)
pphm (v)
pphm (v)
pphm (v)
pphm (v)
pphm (v)
pphm (v)

}

12

Variable at ground level
Variable
Apparently constant
Variable at ground level
Very variable
Very variable
Very variable
Very variable
Very variable
Probable value, very variable
Present in very low
concen tra tion

Particles
Chloride
Sulphate
Nitrate
Ammonium
Sodium
Potassium
Calcium
Magnesium
Quartz
Clay minerals
Organic substances

Note on units: /lg/m 3
per cent (v)
ppm (v)
pphm (v)

CIS042N03NH4+

Nl

K'"

Ca21Mg21Si02

~

~

~

~

~

"<
~

~

~

~

~

1
1
1
1
1
1
1
1
1
1
5

flg/m 3
3
/lg/m
3
/lg/m
3
/lg/m
3
/lg/m
3
/lg/m
3
/lg/m
/lg/m 3
3
/lg/m
3
/lg/m
/lg/m 3

Very
Very
Very
Very
Very
Very
Very
Very
Very
Very
Very

variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable

microgrammes per cubic metre of air at ground level pressure
per cent by volume
parts per million by volume
parts per hundred million by volume

Also listed in Table I are some of the constituents of atmospheric particulate matter. These small particles
are released from the Earth's surface in various ways into the atmosphere where they are suspended and spend an
average of a few weeks before being removed and returned to the ground. This list is far from complete, primarily
because of a great variety of constituents emitted into the atmosphere by man, sometimes in considerable quantities. Particulate matter in air reduces visibility and the amount of solar energy reaching the Earth. It also increases
the so-called scattered light, i.e. light which seems to come from everywhere in the sky.
Gaseous organic substances are not listed in the table, mainly because so little is known about their occurrence
and still less about their structure. Such substances are known to be emitted from vegetation, and estimates of the
rate of addition to air are sometimes fairly high though not unrealistic. Extensive pine forests are believed to cause
the so-called blue haze through release of terpenes which are modified by sunlight into organic particulate matter.
This is not unlikely since precipitation contains about as much dissolved organic matter as inorganic matter. When
such organic substances are released by vegetation they often participate in a variety of atmosph{!ric photochemical
reactions which modify these substances, generally into some particulate form. Such reactions are known to occur
with hydrocarbon gases in the air, in particular in the presence of nitrogen oxides, resulting in the formation of
ozone. Ozone, however, is also a normal constituent of the atmosphere, formed between 10 and 40 km above the
Earth from where it slowly diffuses towards the Earth's surface; there it is assumed to be destroyed by organic
matter.
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Radioactive substances are not listed in Table I although there are a number of them in the atmosphere which
originate from natural sources; their concentrations, however, are extremely low. Radon and thoron, for example,
exhale from the ground; both form long chains of radioactive elements in the air. Another series of radioactive
elements is formed by action of cosmic radiation in the atmosphere on primary oxygen and nitrogen nuclei. Best
known among these is carbon-14 which has a long half-life and has been used in dating organic cumpounds, e.g. in
archaeology.
In summary, almost no chemically stable substances are alien to the atmosphere. Even the man-made substances
released into the air are almost never totally new to it. The atmosphere itself is an immense laboratory where the
sun's energy can make strange compounds from the naturally present organic substances. There may, however, be
some important exceptions. In recent years the insecticide DDT has been found to be accumulating in sea animals
in alarming concentrations. Chemists argue that a synthesis of this compound in the atmosphere is hard to conceive.
If that is the case, DDT is a completely new, biologically powerful agent which has been introduced into the biosphere with unknown future consequences.

The history of the atmosphere
The history of the atmosphere may seem to be somewhat beside the general subject but, since evidence as
revealed from the past indicates the great role played by life processes in the development of the present atmosphere, it may be of interest to relate the likely course of events in the past.
The history of the atmosphere is closely tied to the history of our solar system, i.e. the sun and its planets.
The molten mass theory of the formation of the Earth, much in favour some decades ago, seems to have been
abandoned. Instead planets are thought to have originated from expanding gas clouds rotating around a centre
which formed the sun. The gas clouds consisted of about 98 per cent of helium and hydrogen, and as temperature
dropped the other elements condensed into small particles incorporating amounts of hydrogen, oxygen (as water
or ice), nitrogen, sulphur f.lnd carbon, all in a reduced state. As the rest of the gases escaped, the particles grew
larger while the particle cloud contracted at the same time. Because of the contraction into a more and more dense
mass, heat was released, and at some early stage a few thousand million years ago a remelting is thought to have
taken place. During this remelting, considered to have occurred at a fairly moderate temperature, a considerable
amount of water was presumably transferred towards the surface of the Earth. The atmosphere must have been
fairly empty of gases, except for water vapour, which was continuously decomposed by ultraviolet light into
oxygen and hydrogen. While hydrogen escaped into space, oxygen was devoured by the Earth's crust and by carbon,
thus forming carbon dioxide. Carbon dioxide is therefore likely to have appeared in the atmosphere at an early
stage but its concentration in the atmosphere might, on account of several physico-chemical reasons, never have
been much larger than at present. Much of it was used up in the weathering process, carrying various salts to the
sea and precipitating calcium carbonate. The sea then became a brew of various organic substances probably synthesized photochemically in air from primitive hydrocarbons. In the ocean there were also ammonia and hydrogen
sulphide. Thus all the three major components of present day organic matter were represented. In this brew the
first primitive forms of life appeared through a series of random combinations 'of carbon, nitrogen and sulphur, and
somehow a mechanism for photosynthesis of organic matter from bicarbonate, ammonia and sulphide developed.
No oxygen was present in the atmosphere for a long time, excluding any form of life because of the destructive
ultraviolet radiation reaching the surface. However, the oxygen produced photochemically gradually started to
accumulate in the atmosphere after the crust became more or less saturated with oxygen. As the oxygen pressure
rose the ozone layer started to develop and since this cut out an appreciable portion of ultra violet radiation,
conditions on land became favourable for life. The life in the oceans moved onto the land areas and enhanced
further oxygen production by assimilation. At the same time the photochemical dissociation of water vapour into
oxygen and hydrogen became unimportant because this reaction required strong ultra-violet radiation, which was
now cut out by the ozone layer. A prerequisite for oxygen accumulation in the atmosphere, however, is that an
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tion experienced in many large cities and results from photochemical reactions between gaseous hydrocarbons and
nitrogen oxides. Hydrogen fluoride, which is poisonous to plants, is·a common product of aluminium processing.
Plant damage is mostly very local, i.e., generally restricted to areas around industrial and other urban sites.

TABLE II
Tolerance limits of plants to concen'trations for a few compounds in air

Tolerance limits for
Gas or compound

Remarks
acute injury

Sulphur dioxide
Photochemical smog

Nitrogen dioxide
Chlorine

0.05 ppm

0.25 - 0.30 ppm.
~0.05

ppm

~

0.02 - 0.04 ppm
0.0001 ppm

Four weeks' exposure of gladiolus

0.1 ppm

0.05 ppm

Highly variable for different plants

2-10 ppm

; 0.5 ppm.

Hydrogen fluoride
Ethylene

chronic injury

Same as sulphur dioxide

-

Animals and air
The carbon dioxide level in the air which is inhaled by animals affects the breathing rate. Concentrations
in air up to three per cent can be tolerated.
Interference in the oxygen uptake process from other chemical compounds in air depends, to a large extent,
on the transfer mechanism for oxygen in the body fluids. In man and higher animals the oxygen carrier is haemoglobin, a compound containing iron where the iron can change oxidation state. It is oxidized to ferric iron by
molecular oxygen and reduced to ferrous iron during the oxidation of suitable organic compounds in the body.
This iron complex is casily put out of balance by two compounds in particular which may be found in air: carbon
monoxide and cyanide compounds. Of utmost concern is carbon monoxide, which is formed in the combustion processes when the air supply is inadequate. A well recognized source is automobile exhaust gases, particularly
from an idling motor. The lower limit at which carbon monoxide poisoning takes place in man is somewhat debatable. Acute carbon monoxide poisoning occurs at a concentration of about 0.1 per cent by volume but the effect
of long-term exposure to lower concentrations is virtually unknown. Other compounds may cause tissue damages
in the respiratory tracts. Sulphur dioxide at high concentrations is known to interfere with the delicate lining of
the upper respiratory tracts in man; still stronger effects result from small droplets of sulphuric acid occasionally
present in air. Long-term exposure to silica dust causes chronic damage to lung tissues in man and is of great
concern in some industries. It is also possible that a certain group of organic constituents in air called benzopyrenes,
formed during combustion processes, may be carcinogenic.

Psychological effects of air quality
Psychological effects of air quality are to some extent dependent on the knowledge of the physiological effects.
As knowledge about the latter is spread the psychological impact of air poll;ution is strengthened:This is in many
respects a healthy sign. Perhaps because most of the constituents in air which can cause damage are invisible, polluted
air is thought to be that with a high concentration of particulate matter. Another psychological effect of polluted
.air is the experience of the "dirtiness" of the air. The particulate matter suspended in the air covers everything
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with a soiling dust. Apart from the economic loss from this soiling, many people experience discomfort in such a
state and find the associated odours disturbing. There are also other factors which deserve mention. Visibility in
polluted air is reduced and light scattering may strain vision. In summary, polluted air can be suspected to add to
the psychological stress in densely populated regions. It is perhaps not only a symbol of social status for inhabitants in urban areas to spend week-ends in primitive huts in rural environments; but probably, the fresh air is
equally attractive.

Future prospects
We may first consider briefly some long-term effects of the steadily increasing exploitation of natural resources.
The carbon dioxide in the air is slowly increasing due to combustion of fossil fuels. The rate of increase can be
predicted fairly well but its effect on climate is more difficult to predict. It will most probably increase the global
mean temperature but to what extent is impossible even to guess. Much has been written about this subject, -with
vivid visions of melting ice-caps and rising sea-levels which inundate large land areas. Even-if it happened it would
be a slow process and no catastrophe can be envisioned. Most likely, the effect of increasing carbon dioxide on
climate will be very small.
The other effect is that of increasing turbidity which is expected to cause a lowering of global mean temperature. Again, the temperature effect is utterly uncertain. Furthermore, since particulate matter in the lower atmosphere has a short residence time - a few weeks - vigorous pollution abatement can readily decrease particulate
pollution over a wide area. Thus, the problem of atmospheric aerosols is manageable; however, this cannot be
said of the carbon dioxide problem.
In the more immediate future, most problems of air quality will occur in urban areas. Regional effects may
occur like that presently feared from the acid rains over parts of Scandinavia. But there will still be plenty of
space with clear and fresh air and healthy vegetation and animals.

Conclusions
It seems that the most important action in the near future is to reduce the emissions of pollutants in the
atmosphere, i.e. to improve the air quality in urban areas, partiCUlarly since these are expected to absorb more and
more of the total popUlation. The atmosphere is no doubt a fairly effective recipient for pollutants with rapid
dispersion, but nearby industrial sources problems will always exist unless pollutants are removed from smoke
stacks. The possibility of remote controlled industry which could make full use of the dispersive action of the
atmosphere may not be unrealistic but it is questionable whether it would be at all desirable from other points
of view. Consequently, this altern ative should not be taken too seriously.

URBAN CLIMATES*

by T. J. Chandler
Introduction
Urbanization is a global phenomenon: al~eady 30 per cent of the world's population live in towns of 5,000 or
more persons and 18 per cent in cities of more than 100,000. What is more, the proportions are increasing fast.
Almost everywhere in the developed and developing world, brick, stone, concrete and macadam are replacing field,
farm and forest as new towns are established, existing towns grow into sprawling cities and cities merge into vast
conurbations. In almost every country, towns are expanding to consume more and more land so that in many countries, very considerable proportions of their total land area are built upon; in England and Wales for instance, more
than 12 per cent of the surface is covered by building and by the end of the century this proportion will have
increased to nearly 16 per cent.
It is clear that the urban environment provides the life-framework for a large and growing proportion of the
world's population and it is therefore important to remember that when buildings are congregated in villages, towns
and conurbations, then the physical and chemical properties of the air between and above, as well as within the
buildings, are radically changed. Urban dwellers therefore spend much of their lives in a quite distinctive type of
man-modified climate, some of the more unpleasant attributes of which are best avoided by purposeful planning
whilst others can be used to advantage. The study of these modifications of climates by towns is clearly of more
than academic interest, being of practical importance in human bioclimatology and in the proper design of buildings
and building groups.

The meteorological consequences of urbanization have been noted for several centuries, but before 1900 there
were only a handful of detailed descriptions and even fewer analyses of urban climates. Since then, many observational and theoretical studies have been made of the effects upon climate of buildings, individually and collectively.

The nature of urban climates and their bearing upon the quality of the human environment
In built-up areas, the aerodynamic effects of the surface's complex geometry, the particular thermal and hydrological properties of the urban fabric, the heat from metabolism and the various combustion processes taking place
in the city, and the changed chemical composition of the atmosphere combine to create a climate which is quite
distinct from that of extra-urban areas. In general, strong winds are decelerated and light winds accelerated as they
move into towns; air turbulerice is increased; relative humidities are reduced; the chemical composition of the air is
changed; receipts and losses of radiation are both reduced; temperatures are substantially raised; fogs are made
thicker, more frequent and more persistent; and rainfall is sometimes increased. The most fundamental of all these
changes are those of changed airflow and changed air chemistry.
Air motions above and between buildings, but more particularly those around modern high-rise buildings, constitute a very important and distinctive element of the urban climate, frequently giving rise to quite serious environmental problems. But more than this, airflow is a vital factor controlling the distribution of other elements such as
air pollution and temperature and for these reasons its study is fundamental to the whole of urban climatology.

* Lecture given at

Sixth Congress of WMO.
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The air gustiness induced by tall slab and tower blocks has sometimes created almost intolerable environmental
conditions for pedestrians in nearby shopping precincts. More applied research is needed to avoid these circumstances.
Similarly, airflow patterns immediately above the city are very relevant to the structural and service designs of modern
high-rise buildings and on a broader scale to the planning of whole towns including, for instance, the adequate but
not excessive ventilation of city streets and the most suitable locations for certain industries, power stations and
other major sources of air pollution.
Turning to the atmospheric pollution aspects of urban climatology, the majority of atmospheric pollution diffusion models have been developed assuming single emission sources in fairly simple climatic and topographic situ a. tions. Only a few attempts have been made to model the more typical but infinitely more complex patterns of emission and diffusion which characterize urban areas. A great deal more observational, theoretical and experimental
work is needed on problems such as the lateral drift of pollution within and from urban areas and on the effects of
towns upon the behaviour of plumes from chimneys located upwind of the urban area. Such studies of the spatial
distribution of atmospheric pollution in urban areas could possibly lead to satisfactory area prediction models which
would clearly be of enormous value in urban and rural planning including the location of smoke control areas. The
close connexions that have been demonstrated between levels of local emissions and concentrations of smoke have
underlined the successes that are likely to follow reduced emissions even in quite small areas, but much more research
is needed into the contrasts that clearly exist between the diffusion efficiencies of the wide variety of pollutants
commonly found in towns including those released from car exhausts. Thermal, dynamic and air quality studies in
city streets are particularly deserving of further work in urban climatology.
Following airflow and atmospheric pollution, the third most important aspect of urban climatology is the effect
of the city upon radiation exchanges and the heat balance. Again the physical processes are complex and in need of
further investigation. Studies have already shown that the backscatter and absorption of the solar beam by the shroud
of pollutants above a city often result in reductions of up to one-fifth in the short-wave radiation receipts at the
ground. In highly polluted areas, losses can amount to one-half of the visible radiation and four-fifths of the ultraviolet radiation, thus adding to the health risk of atmospheric pollution. Conversely, pollution control will result in
increased sunshine as well as cleaner air. In central London for instance, average winter sunshine receipts are now
50 per cent higher than they were before the passing of the Clean Air Act of 1956. London is not only a cleaner
and healthier place in which to live, it is also much sunnier than it was. Furthermore, because of the increased sunshine, surface temperatures have been raised, thereby strengthening thermal turbulence in the overlying air and this,
in its turn, has helped to reduce the average concentrations of sulphur dioxide in spite of increased emissions. Still
one further consequence of cleaner air in London has been an improvement in visibilities, although it is very difficult
to quantify these changes because so many non-urban controls are also involved.
The generally higher temperatures in built-up areas have been the subject of detailed investigation in many
towns (see Figure). Studies have shown the close relationships existing between the form of the warm air or heatisland and the form and density of the urban development. The extent of the city is less irriportant than was preViously thought, moderately intense heat-islands occurring over quite small towns, especially during calms. Other
analyses have demonstrated that heat-islands are relatively shallow phenomena so that the upper floors of isolated
. tall buildings frequently project above the main mass of warm air.
Because outside air temperatures exercise an important control upon space-heating requirements inside buildings, heat-island intensities are very relevant to the work of heating engineers, offering substantial savings in heating
costs in the centres of towns where night-time air temperatures can be up to lOoC higher than in the surrounding country.
Empirical and theoretical studies of heat-islands have recently yielded a number of physical models which
offer hope that one day it might be possible to predict local intensities. Such predictions would be of interest,
amongst others, to those studying air pollution in cities for it has been shown that heat-islands generate local wind
circulations, centripetal to the centre of the city at the surface, which affect pollution patterns and help to maintain
the characteristically sharp pollution gradients found near the margins of built-up areas. The higher temperatures
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themselves can be regarded as either an advantage or disavantage depending upon the regional climatic setting. In
cold climates, towns could be purposefully designed to accentuate the heat-island, whilst in other circumstances a
more vigorous and turbulent airflow might be sought in order to prevent the stagnation of uncomfortably warm air
in the bottom of street chasms and sheltered pedestrian precincts.
Finally, great interest has been generated amongst urban climatologists by studies which seem to suggest that
urban areas sometimes lead to local increases in precipitation. Snowflakes sometimes thaw as they fall through the
heat-island and lying snow commonly disappears more quickly from city streets and parks than from nearby open
country. Less well documented and understood are possible contrasts in total precipitation between towns and
nearby rural areas. Many more meteorological studies are needed before we can be sure how important and widespread this effect really is, although there is sufficient evidence already to excite our curiosity. Such curiosity is
more than academic for the results could be of considerable consequence in, for instance, the design of storm-water
drainage systems.

ANNUAL ACCUMULATED
TEMPERATURE
0
0
BELOW 15.6 C (60 F)
1951 - 1960

(Fahrenheit degree-days)
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Conclusions

All the above-mentioned aspects of urban climatology are the subject of present enquiry but even in developed
countries, more research is needed. Also, very few studies have been made in low and high latitude situations and
. there is no doubt that there is a particular need for such investigations: the physical models developed in one climate
need not -necessarily work in another.
As in so many other branches of applied climatology, theory and application need to be more positively related
and co-ordinated than they have in the past. Meteorologists, urban climatologists, architects, engineers, planners and
health experts must find a common forum for the exchange of information and ideas so as to maximize the advantages and minimize the disadvantages of the known and still to be discovered aspects of urban climates. These features are and will continue to be an important aspect of the human environment for a large and growing proportion
of the world's population.

THE APPLICATION OF METEOROLOGY
TO LAND-USE PLANNING AND INDUSTRIAL SITING

by James T. Peterson

Applying meteorology and climatology to problems involving land use, city planning and industrial siting can
often lead to direct economic, practical, and environmental benefits. In a few notable examples climatological consultations have preceded new-town planning or urban redevelopment (e.g., Kitimat, British Columbia, Canada and
Columbia, Maryland, U.S.A). At Kitimat city planners advised against development of the river valley even though
there were no recorded occurrences of local flooding. The valley did flood, however, because of additional precipitation runoff after the forest was cut and the city developed. In general the potential for meteorological advice in
these areas greatly exceeds the actual application.
Meteorologists can provide two types of weather forecasts; the customary public forecasts for one to three
days and climatological forecasts. The customary forecasts can only warn people of expected events, such as uncomfortable hot weather or poor atmospheric dispersion accompanied by high pollution concentrations. A climatological
forecast, on the other hand, does not provide information for a specific date but rather states the statisticallikelihood for an event; for instance, it could predict that within ten years, five days of continuous atmospheric stagnation
are likely to occur three times at a given location. With the aid of such information, city officials can assess the probable occurrence of critical air-pollution concentrations. Thus climatological forecasts provide data that can be used
for a variety of planning activities. Although these forecasts are not routinely provided, climatological data are usually
available at national weather service offices.

Land-use planning
In the overall planning for settlements, available land can be developed in many ways. Climatological advice can help
determine the course of development in considering such factors as the influence of industrial air-pollutant emissions
and the possibility of increasing recreational facilities. As the world's population continues to increase, the percentage
of land being used for urban purposes becomes greater. This, in conjunction with the consumption of natural resources,
places an ever higher priority on efficient planning for and use of available land. For example, because of increased
demand, climatically marginal areas are now being considered for recreational purposes. Ski resorts being built in the
southern Appalachian Mountains of the eastern United States operate profitably only by making snow artificially to
supplement natural snowfall. The development of lands as parks and nature reserves is being promoted by conservationists. But, at the same time, commercial interests are attempting to develop the same land for industry, subdivisions, harbours, etc. Thus a public policy should be formulated, taking into account meteorological considerations,
for the use of these lands so that the necessary expansion of industry can occur simultaneously with the permanent
preservation of recreational land in its semi-natural state.
Metropolitan areas modify several components of their climate from that which existed naturally. The most
significant feature of urban climates is the increased warmth, or heat island, which is most pronounced during nighttime when anticyclonic weather prevails. In addition, precipitation may be slightly increased over urban areas whereas
solar radiation and visibility may be reduced because of the greater pollutant concentrations. The low-level local wind
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flow may converge over a city and, in general, is slower than the regional flow. Moreover, in the vicinity of buildings
the wind flow is frequently markedly altered from that of the open terrain. Meteorologists can help by incorporating
these climatic features into the plans for urban development.
From an environmental viewpoint, one beneficial type of urban land-use is the maintenance of park or "green"
areas. By varying the building density and amount of green area, the urban heat island intensity can be controlled
to some extent. Thus, in warm climates a heat island intensity can be. reduced by interspersing buildings with green
areas and shade trees, and in this way death rates and human discomfort can be decreased during extended hot
periods. Other benefits of urban green areas include lower levels of pollutant concentrations. Trees, especially conifers,
efficiently remove some pollutants from the air that passes through them. By placing green areas between sources of
pollution city planners can increase the dilution of pollutants. Since trees also inhibit noise from passing through
them, shelter belts along the edge of major highways can greatly improve the noise environment of nearby residences.
Climatology enters into many facets of urban land-use planning. By including climatic principles in the design
of buildings, annual savings of 10 to 20 per cent can be gained from decreased heating and cooling costs. For example,
the size and placement of windows can be guided by the desire for extra heat from solar radiation. Coniferous trees
located on the prevailing cold wind side conserve building heat during winter, whereas deciduous trees on the sunny
side result in lower temperatures during summer. Climatological forecasts can also be used in advising builders and
planners about the likelihood of severe weather. For example, the frequencies of occurrence of high winds, heavy
rains and flooding, heavy snow, coastal storm surges, and other severe weather can all be statistically ascertained.
These data can then be used as guides for locating weather-dependent industry and leisure time facilities. These statistics must be applied with some caution, however, since climate is not static and can change from decade to decade.
Thus, the heating facilities of some buildings designed for the warm 1930s and 1940s have been unable to operate
efficien tly during the generally colder 1960s.
Some climatological planning is applicable primarily to construction projects in the larger cities (e.g., airport
siting and operation). Both the surrounding community and the air carriers suffer monetary losses and inconvenience
when airports are forced to close because of bad weather conditions. Climatic elements should also be considered in
the design of sports facilities. In Houston, Texas, U.S.A., which has hot and humid summers, a permanent dome
was built over a baseball park. The entire stadium was air conditioned, and now every game is played under the same
weather conditions. On a larger scale, climatological consultation can aid the inter-city planning of roads and railroads.
Multi-car accidents are common when busy superhighways become cloaked in dense fog. If areas with frequent fog,
which is likely to be related to topographical features, can be identified before road construction, the routes can be
located to avoid the foggy areas.

Industrial siting
Climatic considerations of industrial siting primarily revolve around various aspects of air quality. If a particular
facility is going to emit a given amount of pollution into the atmosphere regardless of its location, then site selection
aided by climatological analysis can result in reduced ambient pollution concentrations within a community. The
most important meteorological parameters for the dispersion of pollutants are wind direction, wind speed, vertical
mixing height (the thickness of the atmosphere through which surface emitted pollutants are readily mixed), and
atmospheric turbulence. Some places may be better suited for industrial siting than others, depending on the variations of these parameters throughout a metropolitan area, which frequently are related to topographical features. On
a larger scale the climatology of broad weather systems, including the mean positions of cyclones, anticyclones,
fronts, etc., and local meteorological conditions, may cause some parts of a region to have better dispersion on the
average than others.
Certain topographical features can alter the general meteorological conditions and thereby affect pollutant dispersion. Large valleys and bodies of water are two features. The interior of a valley is often sheltered from the
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general wind flow patterns and consequently has slower winds than does the nearby higher ground. Moreover, temperature inversions, which occur more frequently in valleys, isolate the sluggish atmosphere within the valley from
that above. Thus, since pollutants emitted into the valley air are often slowly dispersed, such sites are notoriously
poor locations for industry.
Near large lakes and the oceans a land or sea breeze often results from temperature contrasts between water
and land. The breeze blows from the sea during day-time and from the land at night. If the regional wind flow is
light, the alteration between land and sea breeze can result in a polluted portion of air being moved away from a
locality only to return when the wind direction shifts. Such local wind flow patterns are characteristic of the Los
Angeles area.
Other meteorological factors in addition to intra-urban variations can be applied to industrial problems. A basic
concept is to locate pollution sources downwind of residential and commercial areas. However, the most appropriate
prevailing wind direction in this regard may not be the overall average, but rather that associated with the highest
ambient pollution concentrations (e.g., during periods of plume fumigation, generally poor atmospheric dispersion
or periods of maximum emission rates). Local wind flow patterns in the vicinity of buildings are often quite different
from those over flat terrain, and pollutants emitted from short stacks on building roofs are frequently brought to
the ground with consequent very high ground-level concentrations. In contrast, pollutants emitted from tall stacks
are often significantly diluted before reaching the ground. Although tall stacks are not an absolute pollution control
measure, their use has been advocated by some specialists. The desired height and design of such stacks in terms of
cost and the degree of reduction in ground-level concentrations directly involve knowledge of the local climate.
Short-term synoptic weather forecasts can be used to guide industrial output. When atmospheric stagnation situations
occur, pollution emissions may have to be reduced so that ambient pollution concentrations do not reach critical
levels.
If an entire region can be considered for the location of a new facility, then broader climatic aspects are pertinent. Sites within the considered region probably have similar, but not homogeneous, climates, and these variations
can have an important effect on pollutant dispersion. When the sites for industries with pollution potential are being
determined, such factors as the regional variation of atmospheric dispersion, the frequency of stagnation conditions,
and prevailing wind directions should be considered.
The basic tool for applying many of these concepts, especially those related to air pollution, is a mathematical
dispersion model of the metropolitan atmosphere_ These models use the prevailing meteorological conditions to relate
the variety of pollution sources to the ambient concentration at a particular site. They can be readily applied to
determine the effect of adding or subtracting a source or sources on either the instantaneous or longer term average
concentration at any location throughout the city. Such models can simulate almost any type of source, whether a
single stack or a multitude of automobiles on a heavily travelled superhighway. Although extensive model development has been completed for specific urban areas, much work remains before such models can be generally applied
with confidence in their accuracy. Specifically, there is a need to incorporate better chemical transformations and
natural removal of pollutants into these models.

BUILDING CLIMATOLOGY

by H. Ryd

Human environment has a complex structure of cultural, sociological and physical aspects. It is generally
considered that the physical aspect constitutes only a minor part of the impression which man forms of his environment. This is true as long as the physical environment does not give rise to unfavourable effects on man. In urban communities, however, these unfavourable effects begin to assume major importance. On several occasions, air pollution
has been the cause of a temporary increase in mortality when it has been reinforced by unfavourable meteorological
conditions. Even in normal conditions, air pollution may have harmful long-term effects on human beings, animals
and plant life. In addition, the noise climate is gradually deteriorating. Unless some means can be found of controlling this factor of our physical environment in a better way, in a few decades the majority of the population of the
world will be subjected to a constant mental stress due to noise.
Vigorous action is required in order to prevent a development which will result in the quality of the future
physical enviro!lment being totally unacceptable. As far as air pollution is concerned, politicians and administrators
have begun to take steps based on the knowledge which is available at the present, and have initiated research with
a view to improving the information on which future decisions will be based. It is important, however, to consider
other features of the physical environment alongside this work, so that an unnecessary deterioration in the environment may be avoided. If our knowledge is improved, we can create an acceptable environment for the same cost as
that of a laissez-faire approach which produces an unfavourable environment. For this to be possible, we must know
how distributions of air temperature, solar radiation, wind and precipitation can be affected in man's immediate
environment. We must also know how these effects interact in order to influence favourably the environment, to
improve conditions for plant life and to reduce to a minimum the climatic wear on buildings and installations. It is
necessary therefore that we should have a fundamental knowledge, on an inter-disciplinary basis, of the different
aspects of building climatology in order that we should be able to create - within the bounds of a realistic economic
framework - an optimal living environment.

The importance of meteorological data
The basic data for this are provided by meteorological knowledge of how the macroclimate is gradually changed
by the steps taken at various levels in the course of physical planning.
At the regional level, building activities such as the location of industries, communications networks and airports influence the original macroclimate. By the emission of heat, air pollutants and noise, regional physical planning
creates a regional climate which is conditioned by the location of these sources of pollution, prevailing winds and
frequency of occurrence of inversions and precipitation.
In its turn, the regional climate is affected by built-up areas which, by reason of their topography, coverage of
land and the discharge of heat, air pollutants and noise, create an urban climate characterized by increased air pollution, noise and cloudiness, higher mean ~emperatures and altered wind flow.
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The urban climate changes in the immediate vicinity of buildings as a result of their orientation, shape and
materials. Around all buildings there is a climatological sheath which produces conditions that may be better or
worse than those which prevail in the surrounding urban climate. Wind velocity may, for instance, increase many
times over in the climatological sheath where the air currents are crowded together by the shape of the building or
slowed to zero due to the formation of eddies in sheltered corners. The temperature on the leeward side of a building can assume extremely high values as a result of solar radiation and reflection of heat.
The climatological sheath forms the basic prerequisite for the transformation of the climate between outdoors
and indoors which is accomplished by the structure of the building and the materials of which it consists. Climate
conditioning equipment then takes over to modify this transformation of the climate by the building and to produce
a comfortable indoor climate.

The need for inter-disciplinary research
It will be seen therefore that meteorological knowledge is of great importance for those engaged in shaping our

physical environment. If development is to result in a better physical environment, however, this meteorological
knowledge must be adapted to the specific needs of the building industry for data at the different planning levels.
This requires inter-disciplinary research".
On the regional level, research is to aim at producjng a specification of how the natural climate is changed by
industry, traffic routes, airports etc., and the setting-up of theoretical models for the dispersion pattern of air, water
and noise pollution. In order to achieve this, knowledge of the influence of the meteorological factors must be combined with knowledge of the effects of devices designed to reduce dispersion. In this field, meteorological research
on the spread of air pollutants has provided important information. This should be augmented by means of similar
calculation methods concerning the spread of the noise spectrum emitted by various types of noise sources in combination with various kinds of damping devices such as shelterbelts of trees and bushes.
On the urban level, research must concentrate on constructing models of the process by which a town changes
the regional climate to an urban one. This requires study of such subjects as the following: the way in which the
topography channels the wind in different directions and speeds up or slows down wind velocities;- the way in which
the paved surfaces and heat-absorbent building materials in the town give rise to an increase in the absorption of
radiation which, coupled with the heat emitted by the buildings themselves, results in an increase in temperature in
the town in relation to the surrounding countryside; the way in which the paved surfaces accelerate runoff and produce uneven humidity conditions; and the way in which the emission of particles and noise reinforces contamination
of the climate and contributes to increased formation of condensation nuclei for precipitation, an increase in cloud
cover and a deterioration in visibility conditions.

In this field, experimental research should be expanded. Model studies in wind tunnels, for instance, may provide substantial increases in our knowledge - particularly if techniques are developed in such a way that the wind
tunnel is capable of reproducing the turbulence spectrum of the wind and the temperature distribution of the atmosphere. The experimental studies should then be checked against the results of descriptive urban climate research,
which is already available. By comparing experimental and descriptive research, it will be possible to construct models
which show the effects of various town planning measures such as the relative distribution of parks and paved surfaces, the distances between buildings of different orientation and height, and the positioning of the traffic routes.
On the building level, research should provide the basis for measures that produce a pleasant climate around
the buildings and result in minimizing climatic stresses on the buildings. This requires studies of the way in which
the placing, orientation and shape of a building affects the climatological sheath around each building. The near
climate is affected very greatly if, for instance, two buildings are very close to one another and compress the air
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streams in such a way that it assumes a high velocity in the passage between the buildings. Placing of the buildings
in relation to the configuration of the country can also affect the temperature in the climatic sheath. For example,
if a very long continuous terrace of buildings is positioned so that it intersects a hill slope parallel to the contours:
the building will catch cold air flowing down the slope and create a reservoir of cold air on its upstream side. In a
cold climate, this will result in the near climate at the upstream side of the building having sub-optimal temperature
conditions. If, on the other hand, the building can be orientated in such a way that the side receiving the most sun
is also the leeward side, then it will be possible to create a very favourable climate for a play area. The shape of the
building can also affect the wind environment. A tall building towering above its surroundings acts as a wind trap
and deflects strong high-altitude winds down to street level.
The conditions in the climatological sheath also influence the cost of building construction and the running
costs for heating, ventilation and maintenance, since it is these that determine the climatic stresses to which the
building will be subjected. The modified wind pattern, for instance, ~eans that the local wind force may be very
great (Figure 1). The wind may also drive rain against the fayade in unforeseen directions, and joints with downward
openings may therefore become filled with water due to rain impinging on the wall in an upward direction. Rain
and snow may be blown into the roof space through ventilation openings at eaves level. Accumulation of snow on
the leeward side of the roof may give rise to considerable increases in loading. Smoke from the chimney may be
blown down against the wall of the building, be sucked into fresh air intakes, make the fayade dirty. This also applies
to dust, sulphur dioxide and other air pollutants which are stirred up, and may subsequently collect on the fayade
and decompose the material in the surface.

Figure 1 - Example of how different parameters in the macroclimate are subjected
to change in the climatological sheath around the house. The temperature along a
fa ..ade in the sun on the leeward side of the house can be considerably higher than_
that recorded in the outdoor climate. The air velocity in the climatological sheath is
very dependent upon the shape of the building and in different places can be both
higher and lower than the free wind velocity; thus local pressure gradients occur
around the house which can change the direction of air currents and, for example,
cause reverse draughts in ventilation ducts

On the building level, inter-disciplinary research should concentrate on the production of models which describe
how the climatologiCal sheath is created by the interaction between meteorological factors and constructional decisions such as the placing, orientation, design, construction and materials of the building and its installations. Such
models may be set up as a result of experimental studies in a wind tunnel or have the form of mathematical functions. In both cases, research must concentrate on producing data which are relevant to the climatological sheath.
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This necessitates that existing large-scale climatic data should be transformed to the scale which obtains between
buildings, and also that the values for the various climatic factors should be presented in a way that can be used for
constructional purposes. Meteorological and building research must together draw up trans"iormation models between
the various climatic scales and present for the various planning levels climatic data which provide, to the proper scale,
mean values and frequency distributions of single factors such as air temperature, solar radiation, cloudiness, humidity,
wind, precipitation and snow cover. In addition, frequency distributions should also be tabulated for the simultaneous
values of factors which have a synergetic effect, such as temperature and water vapour mixing ratio, temperature and
wind speed, temperature and cloudiness, wind speed and wind direction, daily mean temperature and daily total
precipitation.
Finally, inter-disciplinary research must take into account the human requirements in relation to the climatic
environment in the course of the various activities which take place outside built-up areas, in towns, and in and
around individual buildings. The aim of climatic control must be the combination of all the factors in the surrounding climate in such a way that the total impression formed by a human being will be a favourable one (Figure 2).
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Figure 2

APPLICATIONS OF METEOROLOGY TO NATURAL RESOURCE PLANNING

by James T. Peterson

Introduction
The application of meteorology to the planning and management of natural resources encompasses a variety of
subjects. In this regard the most important natural resource is the atmosphere, which sustains life on the Earth.
Agricultural productivity is particularly dependent on climate, including precipitation, drought, and frost. In addition, successful prevention and control of pests and plant diseases, introduction of new agricultural practices, and
elimination of erosion and loss of soil fertility can be significantly aided by climatological consultations. Meteorological data can also be applied to the management of forests and to the prevention and fighting of forest fires.
The conversion of solar radiation and wind power into useful energy is directly dependent on climate. These alternate energy sources can economically compete with conventional sources under optimum climatic conditions. Many
recreational sites, such as those for skiing or swimming and sunbathing, depend on the natural climate and topography. Most outdoor activities, including picnicking, hiking, and sailboating, benefit from timely and accurate shortterm weather forecasts. Finally, man's pollution of the atmosphere and his conversion of land from rural to nonagricultural uses, such as urban development, highways and water reservoirs, are directly affecting ecological systems.
More subtle ecological changes may be occurring from the climatic modifications caused by these activities.

Atmosphere
The most important resource to man is the atmosphere; it not only sustains life but its behaviour largely
determines the world's climates. From time to time it has been feared that man-made pollution of the atmosphere
may be affecting the oxygen concentration. However, recent accurate measurements show that such an effect has
not occurred; the current concentration of 20.946 per cent by volume is essentially the same as that measured at
the beginning of this century.
Although the atmosphere's oxygen content has remained unchanged, its composition has been altered recently
by man-made processes, and these changes could have alarming effects on man's well-being. In sufficient concentration, atmospheric pollution can cause injury and death to plant and animal life. Several examples have been documented of increased human death rates associated with prolonged episodes of high pollution concentrations. Plants
are also susceptible to certain pollutants, and injuries to crops have frequently been reported. Ozone is particularly
t0xic in this regard. In addition, man may be affecting climate on a regional or global scale by polluting the atmosphere. Since the climate, and especially temperature conditions and precipitation amounts, has historically limited
the bounds of human habitation and agricultural production, any large-scale climatic changes are likely to have wide
repercussions. These topics and other aspects of the atmosphere as a natural resource are discussed in more detail
elsewhere in this volume.
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Agriculture

Detailed knowledge of climatological conditions is necessary for evaluating and planning the best use of land
available for agriculture. Many extensive land-use projects have failed because factors related to the physical environment, such as the interaction between climate, vegetation, soil and water, have been neglected. Examples of such
unsuccessful projects include the attempt to grow ground-nuts in certain parts of East Africa, the attempt to introduce agriculture in parts of the Amazonas, and the attempt to reforest many areas. The increased public awareness
and scientific study of the possible ecological ramifications of land use will make climatology an even more important contributor to such planning in the future.
In this discussion of agricultural planning, a distinction should be drawn between developed and developing
countries. In the former, farmers have adapted agricultural techniques to their particular land through trial-anderror over the years. In the latter, this hit-and-miss method can be avoided, and the agricultural resources more
efficiently utilized. Even in well-developed countries the introduction of new crops or extension of existing crops
demands correct assessment of climate risk.
Some practical decisions related to agriculture influenced by weather and climate are the choice of crops and
varieties; the determination of climatically favourable periods for sowing, cultivating and harvesting; the esta blishment of areas where dry-land farming is possible and where irrigation is necessary; the planning of afforestation and
reforestation; the need for control of pests and diseases; the finding of the optimum range of climatic variables
for increasing yields and production in general; and the establishment of the potentials for agricultural use of lands.
Although most of these decisions relate to production and economic use of land, agricultural practices not unnecessarily harmful to the environment will gain increasing acceptance as their importance is generally realized.
The problems faced by agrometeorologists require the use of long-term climatological information, information
dealing with more recent meteorological events (last week, month or season), and the customary one- or two-day
forecasts. In the first instance, the information helps to estimate the Climatological ranges within which one must
operate; in the latter two, it aids in making short-term operational decisions. However, even when the overall
features of the climate are known and used for land-use planning for agriculture, small and micro-scale studies of
the local climatic features are still required to establish in more detail the climatic potentialities of the area. In the
following paragraphs some aspects of the application of meteorology to agricultural management are discussed which
have special environmental bearing.
Irrigation systems are beneficial not only in dry regions but also in areas in which the rainfall is moderate,
such as in northern Europe. When moderate rainfall is characteristic, irrigation systems mainly rely on water from
nearby rivers or streams, from boreholes, or from farm reservoirs. The quantities of water needed for any given
scheme must be known in advance of activation, and climatic statistics of precipitation and evapotranspiration can
be used to estimate the average and extreme irrigation requirements for a wide range of crops and soils. By this
system the desirability of opening new lands can be determined as well as the most efficient use of available water.
Lands subjected to extensive irrigation for many years have occasionally lost productivity from accumulations of
salt. By effective use of climatological information the likelihood of over-irrigation can be reduced.
Drought is a very serious problem in large areas of the world. Many planning activities require data on areas
affected by drought and its frequency of occurrence so that long-term measures may be taken. By a continuing,
current analysis of rainfall data, the farming community can be alerted when a period of abnormally deficient rainfall is likely to occur even as infrequently as once in 20 years. The application of climatology is especially pertinent
when new land in semi-arid regions subject to periodic drought is being developed. If sufficient water is not available and the land management schemes used are unsatisfactory, the aridity of the region may actually be intensified
by its developmen 1.
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Occasional summer frost in an area results in only marginally productive yields of many crops. To minimize
the frost damage, frost frequencies can be studied in detail, and, in consultation with horticulturists, the likelihood
that various crops can be productively grown and harvested can be estimated. As in the consideration of arid lands,
the possible development of climatically marginal areas especially requires this consultation.
Frost damage may be prevented by a number of methods. Water sprayed on plants effectively retards freezing,
wind machines destroy surface inversions and bring down warm air from above, and heat supplied by burning fuel
causes artificial warming. Climatological summaries determine the probability and time of occurrence of frost and
thus the time when frost prevention techniques probably will be necessary, whereas accurate short-term forecasts
guide their operation. Moreover, details of the microclimate throughout the planted areas suggest those locations at
which the frost prevention effort should be concentrated.
Windbreaks and shelterbelts are commonly used in agriculture. Shelterbelts affect the local environment by
influencing air flow, heat and water balance, soil erosion, chemical composition of soil and air, and biological conditions. A particularly important result of belts of trees planted throughout a field is that they effectively reduce the
amount of soil lost by wind erosion.
Meteorology "has been involved in the effective prevention and control of pests and plant diseases. Detailed
studies have been made in forecasting from weather data of conditions favourable for potato blight and other plant
diseases and pests, the possible establishment of the Japanese beetle in Europe, the migration of Desert Locusts, the
influence of weather conditions on the occurrence. of apple scab, air-pollution injury to plants, and meteorological
factors affecting the epidemiology of wheat rusts. For example, some diseases have a cycle decisively influenced by
weather, and the severity of a future attack may be accurately estimated in advance of the actual outbreak, Thus,
with better knowledge of the expected natural variability of pests and plant diseases, pesticides and herbicides can
be applied more efficiently.
When new agricultural practices are being developed the application of reliable climatological data can often
be directly beneficial. Such is now the case with the "green revolution". New hybrid varieties have been and are
being developed which give increased yield, but they are still weather sensitive and their yields, and thus areas of
adaptability, depend on local climate. An assessment of climatic suitability, including a forecast of probable yields,
must be an integral part of the selection of a particular variety for any area.
Erosion depends to a large extent on proper land management, which itself relies on the effective use of
available water. In many areas of the world sections of land which previously supported extensive agriculture are
not suitable today for crop production. In some areas this loss of productivity may have resulted from large-scale
changes in global climate; however, man and his animals may have been the likely cause in many sections. Such
activities as deforestation, overgrazing, use of underground water for irrigation, and otherwise inefficient land use
have led to loss of soil productivity. Consequently, when vegetation is destroyed and can no longer replace itself,
the soil is susceptible to wind and water erosion. Fortunately, intelligent land management and use of available
water, aided by climatological advice, can prevent degradation of soil and consequent erosion.
A special erosion problem occurs in the tropics when trees are cut down over large areas of the rain fprest
and attempts are made to cultivate the soil. The tree cutting allows greater amounts of solar radiation to rea<;h ilnd
warm the ground, with a rise in soil temperature that may exceed the limit at which certain organic matter an<;l
minerals are effective. In addition, the heavy rainfall which then directly reaches the soil may leach it of nutpents.
Such improper land management results in loss of soil fertility and reduced productivity.
Forestry
The growing population of the world has increased the demand on natural resources and available land.
Conservationists suggest that undeveloped land and wilderness areas should be left in their natural state or used
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as parks. However, these lands are also sought for commercial uses. A balance between these conflicting views must
be established. The world's forests are especially prominent in this conflict of interests as logging operations, necessary to meet the growing need for housing and building materials, compete with recreational use. Proper forest
management, including meteorological considerations within the overall planning framework, is necessary for obtaining the maximum amount of timber within a given area and time.
Climatological data can assist forest managers in a variety of activities, such as determining the best time of
year for planting and harvest within the lifetime of the tree, choosing areas suitable for profitable tree farming,
estimating potential tree growth and selecting the proper species to be grown. Actual tree growth, of course,
strongly depends on prevailing weather. In fact, the analysis of tree ring data has often been used to study the
variations of past climate. Another important related topic of study is the changes in water runoff that result from
logging operations, and their possible effect on flooding downstream.
The increased concern for air pollution problems has caused the practice of indiscriminate burning of waste
from logging operations to be criticized. In some areas the smaller tree limbs, branches and boughs are collected and
burned after logging to enhance future forest growth and reduce future forest fire potential. This has occasionally
led to wide-spread air pollution. Recently, foresters in the north-western United States have begun to obtain meteorological guidance on the current dispersion capacity of the atmosphere. When stagnation conditions exist, burning
operations are· postponed until more favourable weather occurs.
Meteorological forecasts provide essential information for the prevention and fighting of forest fires. Past
climatic records can help define those areas and times of the year when the greatest potential exists for fire. Longterm prevention efforts can then be concentrated in these areas. When dry spells occur, recent precipitation data and
forecasts can guide the implementation of restricted forest use, such as the banning of camp fires. Once a fire has
begun, its path, vigour and life history largely depend on prevailing weather conditions, especially the wind flow
and precipitation. Accurate short-term forecasts are critical for effective fire fighting.
An encouraging area of research is the application of intentional weather modification in times of fire danger.
In spite of the many fires caused by man's carelessness, most forest fires originate naturally from lightning strikes.

Techniques to suppress lightning from thunderstorms by cloud seeding are now under development and, if successful,
will be of immense economic benefit. Research is also progressing on ways to seed certain cloud types in various
situations to increase the amounts of precipitation; if perfected, these schemes could be used to relieve forest dryness
before fires actually begin or to aid in confining and extinguishing existing fires.

Energy
Two natural sources of energy are solar radiation and wind. However, their usefulness is limited directly byclimate. Through modern advances in technology man can utilize solar radiation for such purposes as space heating
and electrical power generation. On the other hand, the use of windmills to pump water has a much longer history.
M\iny thousands were in operation in north-western Europe during the latter part of the nineteenth century.
ObViously, the total energy developed by these devices strongly depends on the solar radiation or wind climatology
the site. Thus, before they are installed, a climatological analysis can help in selecting a site with maximum
energy output potential.

of

In recent years man has developed and improved devices which convert solar radiation into other forms of
usable energy. Among the possible uses of this energy are space heating, cooking, air conditioning, electrical power
generation, and distillation of fresh water. In some areas which annually receive many hours of sunshine, solar
energy is economically competitive with other conventional energy sources.
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The economics of solar energy use depend on the amount of incident solar radiation. This, in turn, relies on
a number of non-meteorological factors, including time of day and year, latitude and elevation, as well as meteorological factors, of which the amount, height, and type of cloud formation are the most significant. The amount of
water vapour and haze in the atmosphere are of lesser importance.
When conSidering the possible use of solar energy devices, the amount of available solar radiation at a location
can be ascertained in at least two possible ways, by calculations or by observations. Given the non-meteorological
data mentioned above, incident solar radiation for a clear, dry atmosphere can easily be calculated. By including
statistics on the climatology of clouds, available either from conventional surface or satellite observations, and
atmospheric water vapour, a good estimate of actual incident solar radiation can be obtained. An alternate approach
is to estimate the incident radiation from past observations at nearby locations. WMO co-ordinates a global network
of more than 500 stations in Member-countries making solar radiation measurements. Another 1,600 record the
duration of sunshine. From these data, fair estimates of incident solar radiation can be made for almost any location. With the added knowledge of local meteorological conditions, the accuracy of the estimates can be improved.
The application of meteorology to considerations of wind-power installations primarily involves determining
sites with the best power potential. The low-level wind flow has large variations which depend on topography,
surface roughness, height above ground and other meteorological factors. As a general rule, for roughly the lowest
100 metres of the atmosphere, when the air temperature decreases adiabatically with height over a relatively uniform
flat ground, the wind speed increases as a function of the logarithm of height. However, when the air temperature
increases with height, as often happens at night, the change of wind speed with height may be much greater. In a
locality where ground-based inversions occur frequently, each additional increment of height of a wind-power
generator yields a significant increase in power output.
Variations in the roughness of the Earth's surface also affect the low-level wind speed. Rough surfaces (trees
and buildings), in contrast to smooth ones (clipped grass or bare earth), not only decrease the low-level wind speeds
but do so through a greater height of the atmosphere.
Hilltops are usually suggested as good wind-power locations because of the greater wind speeds. There have
been attempts to estimate speed-up factors to relate the wind speed at hilltop to that at the bottom or to that at
a corresponding height in the free atmosphere. However, these have had only limited success because of the marked
dependence of hilltop wind speed on the characteristics of the local topography and prevailing meteorological
conditions.
Local topographical features often exert a strong influence on wind flow. The land-sea breeze, which results
from temperature contrasts between large water bodies and adjacent land areas, is the most significant. The sea
breeze usually attains its greatest speed during each afternoon when temperature differences are largest. However,
in temperature latitudes, it usually does not have a large effect on mean wind speeds. From a power generation
viewpoint, it is most significant in the dry sub tropics along the west coasts of continents where wind speeds are
otherwise slow. Valleys also have a diurnally variable, local wind flow, caused by the horizontal temperature
differences. During daytime this locally induced wind flow is upslope; the reverse is true at night. In spite of this
local wind, the interior of a valley generally is not a good wind-power site. Average wind speeds are simply not as
great as those on nearby higher terrain.

Recreational facilities
Many take advantage of the natural climatic attributes of their area to promote recreational events. Skiing in the
Alps and sunbathing and swimming at the Mediterranean beaches of southern France have long been popUlar. Today,
as the world's popUlation grows and urban land use expands, climatically marginal areas are being considered as
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recreational areas. For example, ski resorts currently being built in the southern Appalachian Mountains of the
eastern United States operate profitably only by artificially making snow. The climatic potential thus has become
an important consideration in overall planning of land for recreation purposes. For winter sports an optimum
combination of snowfall, temperature, and wind is desired. Similarly, rain, temperature, and amount of sunshine
are important features to consider in planning summer recreational activities .
. Family vacation holidays often are determined by climatic factors. Americans most frequently travel to
Europe in the summer when the weather is favourable. Vacationers apparently prefer cool northern lakes during
summer and warm southern beaches during winter. The long-term planning of specific events can also use applied
climatology to advantage. For example, the Olympic winter games held in Oslo in 1952 had any ten-day period
during January and February as possible dates. Climatologists determined which ten-day period was most likely to
have optimal snow and temperature conditions. The specific dates of outdoor concerts or theatre performances are
often chosen from several possible dates, using climatological information on temperature, probability of precipitation, etc., to guide in the selection. The promotors of tourism are well aware of climatic variations and frequently
advertise an area by describing its healthful, invigorating or pleasant climate.
After facilities have been planned and developed, meteorological services support the programmes. Many
organized sports which utilize natural resources are weather dependent and must be postponed if the weather is not
favourable. Such events as sailing and motorboat racing, skiing on water and snow, and ice skating depend on the
vagaries of the weather. Short-term forecasts can be used by participants and spectators alike to prepare for these
events. Such forecasts also benefit the public planning to make use of outdoor facilities. Considerable personal inconvenience can be eliminated when plans for picnics, hiking, swimming, etc., can be cancelled before leaving home rather
than have them interrupted by bad weather. Small boating, a rapidly expanding recreational activity, requires accurate
and timely weather forecasts since it is especially vulnerable to sudden changes in wind conditions. Adequate warnings
of thunderstorms and squalls are vital for the participants' safety.
Not only can bad weather make the family holiday a personal disappointment, it can also 'cause significant
economic loss to resort proprietors. In addition, professional sporting teams and outdoor concert promoters suffer
financially when events must be cancelled or postponed and ticket& refunded. The number of people at swimming
beaches and their patronage of nearby concessions are greatly curtailed during a week-end of cold and rainy weather.
Although ski resorts depend on abundant snow, impassable-roads greatly reduce their clientele.

Man's effect on natural ecological systems
The growth in global popUlation, industrial productivity, and human consumption of goods and services has
increased man's capability to modify unintentionally his climate. Because of the climatic dependence of plants and
animals, man is capable of affecting ecological systems from the smallest size to the global scale. The atmosphere
provides oxygen, carbon dioxide, and moisture, all of which, in conjunction with solar radiation, are necessary for
the growth of all living things. Moreover, every plant has adapted to some certain climate; the boundaries of the
natural habitat of each plant often coincide with definite climatic boundaries. Wide natural climatic variations in
the past have been accompanied by ecological changes. For example, the central theme of pollen analysis focuses
on time changes in plant communities at a site; these changes have been directly correlated with past climatic
information. Man has been altering the function of land throughout the world from forest and grassland to city,
field, or water reservoir. Such changes in local surface characteristics have caused alterations in meteorological
conditions. Now ther y is concern that man may also be modifying climate on larger scales, including the global one.
Moreover, the possible effects of these climatic changes on ecological systems are also being questioned.
In the United States about 400,000 hectares are converted annually from rural to non-agricultural uses, such
as urban development, airports and highways, and water reservoirs. In England and Wales 12 per ce'nt of the land
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is now covered by buildings. New hybrid crops, irrigation, and other improved agricultural practices are allowing
climatically marginal lands to be cultivated. All these modifications in land use result in local changes of climate,
but the ecological consequences of these and other climatic changes are largely unknown. For example, can outbreaks of pests or plant and animal diseases be triggered by these changes? Will the changes of climate provide
conditions more favourable for some desirable species of plants or animals or will they allow the spread of weeds
into new habitats? If precipitation is increased by man in a semi-arid region, either intentionally or unintentionally,
will erosion increase or will added vegetation reduce erosion? Meteorologists will be called on to solve these and
similar problems in co-operation with specialists from other disciplines.
The basic energy source of an ecosystem is solar radiation, which depends on latitude, time of day and year,
characteristics of the Earth's surface, and the state of the atmosphere. Thus, among all atmospheric processes important to an ecosystem, the most fundamental and directly influential are those connected with the modification of
solar radiation either as it passes through the Earth's atmosphere or at the Earth's surface. Some of the modifications of land use that affect the receipt and partitioning of soiar radiation include changes in surface reflectivity
(albedo), heat capacity and conductivity, and availability of water. For example, a lower albedo results in increased
absorption of solar energy and warmer air temperatures whereas decreased water availability reduces evaporation,
which also leads to warmer temperatures.
One of today's practical problems of proper land use and management is the "saharization" or loss of fertility
that can occur in semi-arid or arid regions. In some such regions, the water demand for expanded agricultural production, necessary to feed a growing population, has been steadily increasing and exceeds the natural precipitation
amounts. The source of the water used for irrigation is local subterranean groundwater, and, because of the excess
demand, an imbalance has resulted in the regional water budget. These groundwater reserves, which originated during
the last ice age, are being used faster than they can be replenished. Coincident with the expanded agriculture the
number of grazing domestic animals has risen, with consequent overgrazing. The combination of these two factors depleted groundwater and overgrazing - has caused a distinct change in the surface vegetation. The resulting reduction of vegetative ground cover has, in tum, permitted greater wind erosion of top soil and further loss of fertility.
The wind-blown dust adds to the number of atmospheric particles, which as part of the global air pollution may in
themselves be responsible for changing climate.
Man has also been building dams to impound water and create lakes. The largest such water bodies exceed
100 kilometres in length and exert considerable influence on climate near their shores. The hot and cold extremes
of temperature, for example, are modified by the water, especially in the downwind direction. The changed climate
also affects local vegetation; the magnitude and extent of these effects are less well understood, but also depend on
other local conditions such as topography. Although the total number of man-made lakes in the world is large, and
they do influence local climate, their combined effect is not sufficient to produce global climatic changes. Other
examples of water management practice that influence local climate and thus have secondary ecological effects
include irrigation and regulation of river flow.
Some grandiose schemes have been proposed which would alter the surface of the Earth, such as dams across
the Bering Straits or the Congo River, and would have the potential for large-scale modification of climate and
ecology. The Bering dam could lead to an ice-free Arctic Ocean whereas a dam on the lower Congo could create a
huge lake covering millions of hectares. The possible ecological effects resulting from such projects would obviously
have to be detennined before the projects could be seriously considered.
A further example of man's alteration of the land which has led to climatic and ecological change is the
development of large urban settlements. One characteristic of urban climates is their excess warmth, primarily at
night, which results largely because of the heat liberated by fuel combustion for space heating, power generation,
0
automobile travel, etc. Major cities annually average up to 1 C warmer than their surroundings, but on individual
0
occasions temperature differences of 10 C have been noted. Climatically, the warmer urban atmosphere results in
a longer growing season, fewer days with frost, and less snowfall, all of which affect local vegetation. In the
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continental climate of the central United States, a 1 C change in mean annual temperature corresponds to a northsouth displacement of about 100 kilometres. In western Europe, with a maritime influence, the corresponding
displacement is,considerably greater. In the future, as urban areas expand and merge with one another, they will
impose an increasingly important climatic stress on the ecological systems they encounter and surround.
Air pollutants can have a direct toxic effect on many plants and animals and they can also affect ecological
systems indirectly through their potential to modify the climate, on both small and large scales. The particulate
matter emitted into the atmosphere attenuates the amount of solar radiation passing through it. In large cities with
significant pollution sources, the amount of received total solar energy can be reduced by 10 to 15 per cent. Moreover, a relatively high proportion of this loss is in the ultra-violet wavelengths. In addition, atmospheric particles
may act as nucleating agents and either enhance precipitation or overseed clouds and thereby inhibit precipitation.
Some evidence indicates that particle concentrations have increased regionally as a result of man's activities, but
such increases have not yet been measured in the remotest sections of the world, such as the central Pacific Ocean.
Since the middle of the last century, the background concentration of carbon dioxide has increased about
ten per cent as a result of the burning of fossil fuels. The amount of atmospheric CO 2 has a direct effect on climate
by allowing solar radiation to pass through but absorbing and re-emitting the infra-red energy emitted by the Earth.
The best estimates of future CO 2 concentrations suggest an additional increase of nearly 20 per cent by 2000 and
0
a corresponding average global warming of the lower atmosphere by about 0.5 C. Although such a change is likely
to have a considerable effect on some ecosystems, little research has been done in this area.
Much.of the pollution in the atmosphere is removed by the natural precipitation processes. The removal of
S02 is especially important to ecology. Gaseous S02 oxidized within the atmosphere to S03 and captured by
water droplets lowers the pH of precipitation. Downwind of S02 sources, acidic rainfall can affect the acidity of
local soils and lakes. Some lakes in Scandinavia have been closed to public use because of high acidity. On the other
hand, some alkaline soils may benefit from the acid precipitation. Current investigations are focusing on both the
reasons for the high acidity and its ecological consequences.
There are some indications that man may be able to influence climate, especially the water budget, by direct
and intentional intervention. The enhancement of precipitation through cloud seeding is the subject of continuing
research, and in a few cases positive, economically beneficial results have been reported. One example is the augmentation of winter snowpack and subsequent spring water-runoff in the Colorado Rocky Mountains of the
United States. Consequent ecological changes resulting from such advertent weather modification have also been
postulated but are difficult to substantiate. The general subject of environmental effects of advertent modification
is the topic of a separate article by Neiburger in this volume.

SAHARIZA nON: NATURAL CAUSES OR MANAGEMENT?

*

by H. Flohn

In many arid or semi-arid countries the increasing demand for water has led to a gradual depletion of groundwater resources on a local or regional scale. If this depletion persists for periods of 20 years or more, the regional
water budget becomes alarmingly unbalanced. Moreover, in even larger areas, the scarce natural vegetation is rapidly
being depleted, due to an indiscriminate Increase in the number of domestic grazing animals (over-grazing). When
compared with areas where the original state of vegetation has been retained (for example, in military compounds)
the decreased coverage of the surface is striking. The present aspect of a semi-desert outside the protected area
contrasts strongly with the original aspect of a natural dry steppe within.
An example of this kind has been recently investigated in the Oases region of southern Tunisia (Flohn,
1970a). The water budget equation reads
P=ET+R

+ ~W

(1)

where P = precipitation, ET = actual evaporation from the soil and transpiration from the vegetation, R = runoff,
= variation of total groundwater storage, W with time.

~W

If local and short-period fluctuations caused by individual rain periods are discounted, this equation can be
simplified. In southern Tunisia, over an area of about 35,000 km" with internal drainage, no surface runoff has to
be taken into account (R=O); therefore,
~W=P

- ET

(2)

In this case the large time fluctuations of P and the smaller variations of ET control the rising or sinking of the
water level (W). Any sound evaluation of P ought to be based on area-averaged values of all sufficiently homoge-,
neous rainfall records and it should be critically checked to minimize local effects and instrumental errors. In
irrigated areas reliable data on water supply T1(S can be ascertained, and ET = WS + P. In arid surroundings with
internal drainage, where R=O, ET is limited by P and by fluctuations of W. If in an arid area WS is derived only
from the groundwater reservoir W, any imbalance between ET and P must be reflected in ~'w. .
In southern Tunisia an area-averaged ten station record of P is available, based on observations made since
the beginning of this century. The average rainfall for the agricultural year (September-August) is 151 mm, with a
standard deviation of 45 mm; the extreme values vary between 52 mm (1935/36) and 294 mm (1969/70), but
moving ten-year averages vary only between 127 and 165 mm, without a definite trend. From the viewpoint of a
climatologist, P is nearly constant (Figure 1).
Measurements of the potential evapotranspiration ETP are subject to appreciable instrumental errors. Measurements with lysimeters and evaporation tanks are influenced by the advective effects in the immediate vicinity which
create a so-called "oasis effect" - advection of hot air from the surrounding desert adds to the available energy of
the net radiation Q. Figure 2 shows two examples of lysimeter records from southern Tunisia, one near the centre
of a large, well-watered coastal oasis (Gabes), the other from the border of a quite small oasis in the middle of the

* Lecture given
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Sahara. Realistic estimates of Q have been made using empirical formulae such as those given by Albrecht, Budyko,
Penman, and others, and assuming characteristic values of the surface reflectivity (albedo as)' Since annual averages
of the heat flux into the soil (Fs) are zero, the heat budget equation at the surface can be written as follo:-vs:
Q=FA

t

+L'ET

(3)

with FA t = upward flux of sensible heat and L = heat of vaporization. In many cases, FA is directed downwards
(i.e., is negative); then the heat budget equation reads
L'ET= Q + FA.j.

(4)

and the energy used for evaporation is larger than the available net radiation. Average values for Tunisian oases are
given in Table I, together with values for a very wet (Douz) and a relatively dry oasis (El Hamma) and for the
semi-desert; ET is the sum of water supply for irrigation (WS) and precipitation P. This evaluation allows a realistic
estimate of the energy contributed by FA .j. (oasis effect). The extremely high values of L' ET in several oases are
caused by the intense horticulture on three levels: vegetables, small fruit-trees and date palms. Water loss due to
uneconomic management should be carefully avoided.

TABLE I
Heat and water'budget of oases
Area
km 2

Fs
(ly/d)

FA t
(ly/d)

Fy=L'ET
(ly/d)

200
212
192

0
·0

b

- 72
- 360
+ 40

272
572
152

168
354
94

15
8
16

158

0

+ 134

24

15

15

Albedo
As

(ly/d)

0.15
0.15
0.15
0.20

Q

ET
(cm/a)

P

(cm/a)

Tunisia
Oases average
Douz
El Hamma
Semi-desert

150.
0.63
11.6
35,000

Central Asia
Kysyl-Orda
Chuiska
Tashkent

Year

I

(mm/d)

0.45
0.13
0.80

0.19
0.20
0.17

350
377
390

40
41
60

75
- 110
+ 13
-

385
446
317

6.4
7.4
5.3

?
?
?

1

JulyRice
Sugar beets JAugust
Potatoes

For comparison, summer data from highly mechanized irrigation areas in Russian Turkestan, where all terms
of the heat budget have been thoroughly measured, are given based on the investigations of Aizenshtat (1966).
During summer, heat is stored in the soil and F's .j. is thus positive and uses about 15 per cent of Q; nevertheless in
two cases L'ET is larger than Q due to the contribution of the advective term (FA t <0).
Because of irregular fluctuations of rainfall, the level of the groundwater varies with boW =1= O. If, as in southern
Tunisia, artesian waters from deep aquifers are used, short-period fluctuations are small. However, the gradual
decrease in the water supply of each artesian well and the continuous lowering of the levels of open channels in
the classical Sahara oases indicate that area-averages of ET surpass those of P. Along the northern margin of the
Sahara - from Egypt to Morocco - the bulk of underground water reserves is definitely not in eqUilibrium with
the present climatic conditions. Isotopic investigations (Knetsch et al., 1963) demonstrated that the age of these
subterranean waters was 20,600 to 25,000 years; they have been stored since the last (Wiirmian) ice-age, when the
westerly cyclones and upper troughs penetrated much more deeply into the Sahara interacting with low-level
disturbances of tropical origin.
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Agricultural statistics quoted in geographical monographs (Despois, 1966; Mensching, 1968) show that since
1880 the agricultural production of the oases has increased by at least 50 per cent. In the Nefzaoua group of oases
the number of taxable (high-quality) date-palms has been increased from 160,000 to 800,000, and 84 per cent of
the artesian wells have been installed since 1947. The recent extension of the irrigated area by at least 2,200 ha in
the oases of Gafsa, Tozeur, and Nefta has irrevocably increased the exploitation of the available water resources.
A conservative estimate of the increase of area-averaged ET yields a minimum value of 2.5 to 3 mm/annum (about
two per cent of the area-averaged annual rainfall) in an area of some 35,000 km 2 • Assuming the water content of
an aquifer to be as much as five per cent, this is equivalent to a drop of the subterranean water-level of 1 m in
20 years.
Here the efforts to cope with the basic needs of a population growing at an annual rate of 2.7 per cent have
led to the exploitation of fossil water resources which can not be replenished under present climatic conditions.
Sooner or later these reserves will be used up; the future use of desalinated ocean water may give some relief, but
at greatly increasing costs. It is not possible to wait until the next ice-age: the development of ice-caps would take
at least some 1,000 years, and its climatic triggering is still much debated among specialists.
In Russian Central Asia, the irrigation of immense areas does not exploit fossil waters, but uses the surplus
of the hydrological balance in the well-watered mountains. But the increase in evaporation results in a decrease in
runoff which is reflected in the rapid shrinking of the Aral Sea and other lakes in these vast internal drainage
areas.

The evaporation of natural or artificial lakes in an arid 'surrounding is also strongly affected by the oasis
effect. Lake Nasser is situated in the centre of an area of maximum aridity where incoming radiation and net radiation Q attain their global maximum. The expected evaporation (ET>Q) reaches about 290 cm/annum (Omar and
El-Bakry, 1970), or with less reduction about 320 cm/annum which is equivalent to 17-19 per cent of the annual runoff
at Asww. Here modem water management reaches a really critical point since the year-to-year fluctuations of R
are smaller than the annual loss.
In many areas of the globe the increasing demands for water by a growing population and an expanding
economy are in conflict with the available resources. Under present conditions, the well-known Malthusian problem the difference between exponential population growth and linear agricultural production - is overshadowed by the
even more striking fresh water problem - the imbalance between exponentially increasing water demand and the
virtually constant continental water resources. Improving water management is one of the most critical tasks of the
future; far-Sighted and efficient management must take into account not only the pressing needs of today, but also
all consequences during the foreseeable future. A critical survey of all budget factors should be made before beginning any new large project. Achievements which are apparently beneficial may prove to be destructive after a short
time. Furthermore, the destruction of vegetation by over-grazing leads to an increase of dust storms, especially in
loess areas where 10 to 30 per cent of the soil by weight consists of particles smaller than two microris. Dust
storms are one of the major sources of regional and even global air pollution. Another powerful source of pollution is the annual burning of grass during the dry seasons in semi-humid tropical climates. According to recent
estimates, each of these sources releases more particles into the troposphere than industry and urban combustion
combined, which contribute not more than 15 to 20 per cent of the total amount.
All these problems are very real; their importance increases from year to year parallel to population growth.
Physical climatology, together with model experiments, provides the methods to attack such problems (Flohn,
1970b). Sooner or later, many responsible meteorologists will be confronted with such challenges; they have to
advise politicians, economists and engineers about the intrinsic interrelations between climate, water, soil, and
vegetation and about the risks of man's reckless interference into these well-balanced systems.
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METEOROLOGY AND NATURAL DISASTERS

by the WMO Secretariat

Introduction
The history of civilization is frequently viewed as the history of man's attempts to master his environment.
Adjustments to manifestations of the weather - wind, rain, heat and cold - certainly were features of even the most
primitive cultures. Moreover,. the growth of civilization, rather than eliminating man's dependence on the vagaries of
the weather, has simply substituted new forms of dependence. As a result, modern nations find themselves obliged
to maintain extensive weather services to assist their populations and their economies in weather-sensitive activities.
The more developed the nation, the larger in general is its weather organization and the diversity of services it provides
to its citizens. The development of national weather services thus, in some ways, parallels the development of the
nation.
It requires little reflection to recognize the influence of the day-to-day changes in the weather on the conduct
of our personal and economic lives. Minor personal dislocations because of unwanted weather conditions affect us
all. At times, however, the day-to-day changes in the weather take on more severe forms and, in some cases, result
in situations which can only be classified as natural disasters. * Such situations arise in cases of extreme wind speeds,
extreme precipitation and extremes of temperature - or any combination of these. In addition, strong winds over
the oceans may give rise to storm surges in which the sea water inundates the adjoining coastal areas, frequently
bringing greater devastation than the wind itself. Similarly, extreme rainfall may produce disastrous floods.

In general, any storrh or flood outside the range provided for by local arrangements can become a disaster. In
areas of advanced economic development, the disaster may be manifested principally in economic losses, since an
informed citizenry can protect itself fairly effectively against all but the most severe occurrences.
On the other hand, populations of many developing countries are exceptionally vulnerable due to inadequate
storm warning facilities or insufficient national disaster protection arrangements - or both. Severe storms or floods
may then become national disasters of great magnitude, with heavy loss of life, destruction of hOUSing, loss of means
of livelihood and collapse of transportation. It is a regrettable fact that many of the phenomena which give rise to
such disasters occur most frequently in the developing countries of the world.
While the arrangements for coping with weather disasters are essentially a matter of national concern, they
involve international considerations for three basic reasons - first, the science and practice of meteorology requires
an international approach, and the storm warning systems of all countries are dependent upon international arrangements for interchange of information; second, in many developing countries technical assistance is needed in developing the national meteorological services and so to improve the internal storm warning systems; third, in some cases
devastation calls for international relief measures. In this present paper, we deal only with the first two of these,
particular reference being made to the international role of WMO.

* In the present context, only natural disasters of meteorological origin are considered. Statistics show that disasters in this category
account for more than 70 per cent of the loss of life and property of all natural disasters, the remainder being attributable to such
phenomena as earthquakes, volcanic eruptions, tsunamis, etc.
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Basic international arrangements
The day-to-day decisions on activities affected by the weather rely on weather forecasts prepared from current
weather information. Many of the weather data required for almost any forecast must come from beyond the borders of the forecaster's nation. To facilitate this international exchange of data, the nations of the world, working
through the World Meteorological Organization;. have united to design and operate the World Weather Watch, a
unified global system of gathering, processing and disseminating weather information.
The success of the World Weather Watch as a data gathering system, now augmented by sophisticated satellite
observations, and the rapid strides in numerical weather forecasting, using giant computers, have opened new possibilities of making forecasts for more extended periods. Details of the WWW are to be found in many WMO publications.
The Global Atmospheric Research Programme (GARP) , organized under the joint auspices of the World Meteorological Organization and the International Council of Scientific Unions (ICSU), is directed toward obtaining a greater
understanding of atmospheric processes and thus toward the development of techniques of reliable extended ninge
forecasting. This programme also is therefore relevant in the context of natural disasters.
All countries are susceptible to weather phenomena of disaster intensity. In some cases, the incidence of such
phenomena is rare - in others, regrettably frequent. Sometimes the phenomena are peculiar to the country or at
least have some unique features - sometimes the phenomena are manifestations of weather severity which affect
whole regions of the globe, generally following a seasonal rhythm. In this present paper, as already explained, We are
concerned with storms in this latter category.

Tropical cyclones
The most frequent cause of natural disasters and the most devastating in terms of overall toll in life and property, is undoubtedly the tropical cyclone. It is known in the Caribbean region as the hurricane, in the China Seas
as the typhoon, in the Philippines as the baguio, and in the region around Australia as the willy-willy.
In the Bay of Bengal, Arabian Sea and Indian Ocean, the generic term tropical cyclone is used. All have essentially
the same structure and behaviour. In each region, tropical cyclones generally occur in well-defined periods although
the number and intensity vary conSiderably from region to region and from year to year.
Since in this paper we are concerned with the disaster aspects of these storms, let us trace the steps that may be
taken to protect populations from the effects of tropical cyclones.
The planning of protection starts with an assessment of the risk of an area being struck by a cyclone and of
the range of cyclone intensities. In the past, this risk has seldom been explicitly determined, but has been inferred
from the history of past events. The local adjustments made after each cyclone occurrence tend to decay until the
next event. As a result, those exposed areas which have been spared a visit by a cyclone because of the vagaries of
cyclone paths may be poorly prepared when finally struck. Even more serious may be the effect of various cyclone
intensities; a popUlation, haVing seen that its adjustments coped satisfactorily with one cyclone, is fatally surprised
by a more intense one. This was apparently a factor in the losses of life both in hurricane CAMILLE in the U.S.
in 1969 and in the great Bay of Bengal cyclone of 1970.
The history of past events, usually better recorded with respect to its effects on lives and property than with
respect to storm characteristics, may provide poor guidance in areas of rapidly changing land-use and shifting population. In such cases, it is probably desirable to construct synthetic climatologies to aid planners of disaster amelioration.
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Once the probability of being struck by a tropical cyclone has been estimated, it remains to determine the
damage that may result. The primary meteorological effects include the wind, torrential rain, and the storm surge of
the sea blown before the wind.
Of these, the storm surge is the greatest destroyer, accounting for nine lives out of ten lost in tropical cyclones
as well as much of the economic damage. The storm surge can affect only areas lying below about ten metres elevation. But there the devastation may be total, with wave-driven debris assuring the destruction of all but the most
resistant structures.
Estimation of storm surge risk thus involves use of coastal area mapping to identify exposed populations. The
same mapping can also serve to survey escape routes to high ground or to shelter. These maps, supplemented by
estimates of potential storm surge height, can then serve to help public administrators plan defensive works, warning
systems, evacuation procedures, refuges, and can guide local administrators in formulation of building and zoning
codes. The United States has embarked on a programme of this nature that will be followed with great interest by
the WMO and by those other nations threatened by cyclones.
The wind can also cause great damage to structures, to communications, and to standing crops. Here again,
knowledge of potential wind effects can be used to avoid damage and injury.
Torrential rainfall from tropical cyclones is the only damaging effect that may continue far inland after the
surface winds have been decreased by the frictional drag of the land. While some countries depend upon these rains
for crops and power generation, tropical cyclone rains all too often result in destructive flooding. In these areas which
may be affected by rains from tropical cyclones, the design of flood protective and warning systems should be predicated on cyclonic rainfall, with return frequencies governed by tropical cyclone landfalls on adjoining coastlines.
When an actual tropical cyclone threatens, it is necessary to alert the population. With the advent of operational meteorological satellites and the Global Telecommunications Network of the World Weather Watch, it is quite
improbable that a tropical cyclone could exist undetected, even if far from shipping lanes. Once the storm has been
detected, it is carefully tracked by the meteorological services of threatened nations, using ship and land reports
forwarded through the World Weather Watch as well as further satellite observations. Here the Automatic Picture
Transmission system of the satellites is of great assistance, permitting direct reception of satellite pictures at any
weather office. When the cyclone system moves near a coastline, meteorological radars locate its spiral bands and
central eye, giving direct measurement of its motion. Forecasts are made of the areas that will be affected by the
storm and the position and height of the storm surge. Tropical cyclone forecasts seem to be made everywhere with
reasonably good skill, limited only by the availability of weather observations and suitable communications.
The process of warning the population necessarily varies from one country to another, the administrative
arrangements being perhaps the most variable factor. In all cases it is necessary that the warning comes from a single
source of authority, with enough information so that the population and local authorities can react properly, and
delivered with enough speed so that meaningful action can be taken. The infrequency of such warnings makes it
necessary to take special steps to avoid the decay of the system between uses. On the other hand, overwarning, that
is frequent warning of a disaster that does not occur, leads to apathy, defeating the whole function of the preparation and warning system.
In spite of existing forecast and warning systems, disasters resulting from tropical cyclones still occur with
appalling frequency. Yet the potential of cyclone disaster can now be evaluated with some confidence, and a good fund
of knowledge exists of practical preventive measures that can be taken at least to mitigate the effects of these storms.
Thus, there is considerable hope that in the future tropical cyclones will decrease their deadly toll.
The twenty-fifth session of the General Assembly of the United Nations, "concerned over the devastating and
harmful effects of typhoons and storms" in 1970 passed Resolution 2733(D) recommending that the World
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Meteorological Organization take "appropriate action for mobilizing capable scientists, technologists and other pertinent resources from any or all nations" to develop "ways and means to mitigate the harmful effects of these storms
and remove or minimize their destructive potentials". In support of this, the resolution "calls upon Member States
to exert efforts within their means to implement fully the World Weather Watch plan of the World Meteorological
Organiza tion".
In response to this resolution, the Sixth Congress of the WMO created the WMO Tropical Cyclone Project
having the objective of reduction of loss and life and damage from tropical cyclones. The project, now under way,
is expected to assist national weather services in providing timely warnings of cyclone winds, rains, and storm surges,
and in addition to assist them in generating the basic information required to plan and implement means of protecting people and property from f~ture storms.
In addition, the WMO supports the regional WMO/ECAFE Typhoon Project devoted to specific regional action
in the typhoon area for improving warning and community preparedness services. Such regional programmes are
expected to increase in number, to include the Bay of Bengal and Arabian Sea as well as the south-west Indian
Ocean areas. In addition, a very effective regional network has been set up in the Caribbean Sea and Gulf of Mexico
under auspices of the U.S., with assistance provided by WMO and UNDP.
As a further step, the U.S. has been conducting an experiment on artificial modification of the energetics of
tropical cyclones, the STORMFURY experiment. Computer simulation of cyclone dynamics has suggested that silver
iodide seeding of selected regions of convective clouds surrounding the storm centre would result in premature freezing of the supercooled upper parts of the clouds, releasing the latent heat of fusion somewhat lower than would
occur naturally. This would stimulate unnatural cloud growth in these selected regions, leading to a broadening and
possibly partial disruption of the cyclone circulation, with attendant decrease in maximum winds. A seeding experiment performed on hurricane DEBBIE in 1969 resulted in a decrease of 31 per cent in maximum wind velocity
on one day, 15 per cent on another. Since these decreases could possibly have resulted from natural causes not
related to the silver iodide seeding, the result cannot be viewed as conclusive evidence that the strength of a storm
can be artificially reduced. The experiment is continuing, and of course is being watched with great interest by
meteorologists.
With all of these a.ctivities, visible progress is being made toward the goal of reducing the annual toll of death
and destruction. And it may well be considered that the steps being taken in ameliorating the effects of tropical
cyclones may serve as the model for attacks on other natural disasters.

Other types of storm
As already mentioned, it is not the intention of this' paper to describe all types of weather phenomena which
may produce natural disasters. Moreover, the rather detailed description of what is being done in respect of tropical
cyclones gives a good general indication of the sort of problems which have to be solved in any other type of natural
disaster. A brief mention of some of the more important of these other phenomena may, however, be useful.
Tornadoes are another devastating phenomenon. Tornadoes occur on all continents, but are fairly rare except
in Australia and the United States. Those of the United States seem to become more severe than those elsewhere.
The tornado is an intense spiral vortex, averaging perhaps 250 m in diameter, associated with a heavy thunderstorm.
Winds in this vortex may reach 500 km/hr. A tornado of this strength will destroy nearly everything in its path.
In spite of the rapidly increasing density of population in the tornado belt of the United States, the death toll
has been decreasing even though property damage has been increasing. This is the direct result of an intensive
campaign of public education coupled with steady progress in forecasting the weather conditions associated with
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tornado formation. In addition to forecasting the probability of tornadoes, the u.s. National Weather Service warns'
the populace of the approach of actual tornadoes, using radar and a network of volunteer observers. Results of this
combined programme of public education and advanced warning techniques have been excellent.
Devastating floods due to unusual rainfall or snowmelt are an all too frequent occurrence, and these are in no
way confined to developing countries. The disastrous floods which occurred in Romania and Hungary in 1970 and
in the United Kingdom in 1968 are some examples. Flood forecasting techniques have, however, made great progress
in recent years due to the increased application of modern techniques of data collection and analysis and the introduction of on-line computers which allow the use of sophisticated models in predicting streamflows. Furthermore,
the discharge of rivers may be governed by dams and other control structures which can be operated so as to mitigate Significantly the effects of flooding. Nevertheless, the efficiency of their operation, and the accuracy of the
flood forecasting systems are both dependent on the accuracy and speed with which data are collected and analyzed
from the meteorological and hydrological networks. The improvement of these networks is therefore one of the
major factors behind any programme to combat disastrous floods.
Another weather disaster is the blizzard, a violent and very cold wind which is laden with snow, some part of
which has been raised from snow-covered ground. The term originated in North America but has been extended to
include similar winds in other countries. The blizzard is something of a modern disaster, since its greatest impact is
on wheeled traffic. Roads are blocked, great cities are paralysed, and there are deaths of unprepared or foolhardy
travellers. In some cases cattle on open range are immobilized by the snow and unable to reach food. The forecasting
of the occurrence of blizzard conditions is usually done satisfactorily; the greatest difficulty occurs in predicting the
depth of the snowfall from the accompanying storm. And, of course, it is impossible to predict just where the drifting snow will accumulate, blocking traffic and paralysing snow removal equipment.
At the other extreme is the drought, the failure of rain to fall for extended periods. Before the rise of modern
water-consuming cities, drought was an agricultural disaster. Now, with cities having expanded faster than water
supplies can be made available, the spectre of drought faces both the farmer and the urban dweller. DrOUght, in distinction to other meteorological disasters, is not apparently a sudden event, although the shifts in atmospheric circulation that produce it may be sudden in onset, unpredictable in duration, and just as sudden in shifting to a rainy
regime. The length of such shifts in atmospheric circulation may extend for time scales of a month, season, years,
or even a century. The latter might be tenned a climatic shift, but the effect on the economy of an affected area,
such as north-eastern Brazil, is equally great. Causes of the changes of atmospheric circulation are usually sought in
changes in sea-surface temperature distributions, brought about as a chain reaction from prior atmospheric shifts,
but perhaps also reflecting the re-circulation in the ocean of the temperature effects of weather events long ago.
Because of its economic importance, detennined efforts are being made to solve the problem of prediction of the
atmospheric circulation patterns that produce droughts. Of course, the only real solution to the problem is effective
water management. Such measures as artificial stimulation of rainfall can be palliative at best.

Conclusion
Extreme weather conditions are by far the greatest cause of natural disasters and the tropical cyclone is by
far the most devastating of the weather-produced stonns. The World Weather Watch of WMO provides the basic
system upon which storm-warning systems depend, while the Global Atmospheric Research Programme will in due
course improve man's knowledge of the atmospheric processes and will thus improve his storm-warning capabilities.
Special attention is being given by WMO to mitigating the hannful effects of tropical cyclones which in overall
destructive power are the most devastating of all natural phenomena. Such storms affect many developing countries
and good progress is being made in assisting these countries in improving their storm-warning systems and the community preparedness procedures. The UNDP project being executed jointly by WMO and ECAFE in the typhoon
region is an outstanding example of such progress.
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Tropical cyclones are however not the only manifestation of natural disasters due to meteorological conditions;
tQrnadoes, floods, blizzards, droughts are other examples. WMO is no less mindful of assisting wherever possible in
mitigating the harmful effects of these other extreme weather phenomena as those due to tropical cyclones.

CHAPTER III

ENVIRONMENTAL PROBLEMS
OF THE HYDROSPHERE
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This process could hardly remain unnoticed. Malthus in the 18th century expressed his thesis, which was to
become famous, on the contradiction between an unlimited population growth and limited, exhaustible supplies of
natural resources with the inevitably ensuing hunger and other disastrous consequences. The ideas of Malthus are
widely expounded by his followers to the present day.

In the first half of the present century the greatest concern was for the sufficiency of mineral deposits, particularly oil deposits. Lately it is the various forms of the impact of man on the environment, particularly the pollution of the environment, which give cause for concern. There is some apprehension as to whether the surface of the
globe is adequate for housing the rapidly growing human population, which now uses the entire planet as its habitat.
Many researchers currently affirm that the finite resources of the globe in conjunction with the unlimited growth of
the needs of mankind will not only limit the development of the society in the future, 1mt are already the main
cause of the low standard of living in developing countries; the population growth is not accompanied by a corresponding growth rate of the economy. In their opinion, the currently observed "population explosion" is a great
menace for mankind. For instance, R. Calder writes*: "Always and everywhere we come back to the problem of
population. It is appalling to hear people complacently talking about the population explosion as though it were
threatening, when hundreds of millions can testify that it is already here."
However, in reality the whole of history is an illustration of the fact that the possibilities in principle of satisfying
requirements of the human society always grew and are now growing faster than these requirements. This, however,
is true if we consider the requirements of the world population as a whole and the possibility of satisfying the
requirements by drawing on all resources at the disposal of mankind; that, for instance, the per capita .power which
could be produced at present by using all available means and resources is approximately 20 times greater than
that which could be produced 100 years ago by using all resources which were known at that time.
If the modern agrotechnical methods which were developed in a number of countries were to be applied to
the land of the globe, there would be enough food not only for the present population of our planet but for a
considerably greater one.

The quantity (absolute or per capita) of discovered deposits of most valuable minerals increases continuously,
as does the possibility of manufacturing any desired materials from the great variety of easily accessible raw
materials.
The fact that the requirements of the great majority of the world's popUlation are not satisfied according to
the above-mentioned possibilities which exist in principle, that in a number of countries people are starving and in
some developing countries the population grows faster than the economy, is not a consequence of some natural law
or of insufficiency of natural resources.
This fact has absolutely clear socio-economic reasons. In developing countries, in particular, this is due to a
long period of colonial exploitation, when their natural resources and human labour were utilized in the interests of
the colonizers. Certain developing countries apply well-founded family-planning policies aimed at an in,crease in the
welfare of their citizens. However, it is hardly doubtful that the main means for achieving this greater welfare is
an increase in the economic growth rate.
As far back as the tum of the century, Lenin** noted the main error in philosophy of limited natural
resources. Entering into polemics with Malthusians of his time, he pointed out that the so-called "law of diminishing soil fertility" has only rather relative and conditional applications where the technology remains unchanged and
becomes completely inoperative in the cases when the technology advances and means of production are transformed.
That is precisely the crux of the matter. The modernization of means of production in the widest sense of the word

* R.
** V.

Calder. Mortgaging the old homestead. Foreign Affairs. Vol. 48, 1970, No.2, p. 207-220.
I. Lenin, complete works, Volume v, page 102.
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increases the efficiency of utilization of natural resources as a whole and makes it possible to stay ahead of the
corresponding requirements of society.
If that were not the case the limits for development of mankind would have occurred a long time ago. Not
only the present, but a considerably smaller population of the Earth, for instance, would not be able to find
sufficient food by hunting like their ancestors.
Such limits occasionally occur for animals or plants which can improve their means of interaction with the
environment - "means of production" - only by adapting their biological nature: an extremely slow process. For
this reason an increase in the number of species in the populated area over a certain optimum value usually leads
to a disruption of the equilibrium with the environment, and, in the final analysis, to the dying out of the excess
population.
Thus in the past, as at present, the quantities of natural resources of the planet did not constitute and do not
constitute any barriers for the development of mankind.
Nevertheless, no matter how efficient the utilization of the Earth's.resources, its finite size and mass set a
certain limit for the optimum size of the human population of the planet. I believe it is not yet possible to
determine this limit. The "capacity" of our planet is an ever-increasing variable which depends on the ways in
which the space on the Earth and its resources are to be used: would, for instance, human beings find it appropriate to live only on land surface or will they also use the oceans or the Earth's crust, etc.? Nevertheless this
variable cannot increase indefinitely. Therefore we must admit that ,in the distant future the need may occur to
regulate the size of the population of the planet. Incidentally, it is conceivable that it might become necessary to
regulate not only the size of the population but also the qualitative composition of the human society, since
advances in the field of biology may make it possible to provide human beings with certain traits of character or
behaviour. Control may conceivably be required not for limitation but for an increase in the size of the human
population. It is well known that the rate of population growth is closely connected with social and economic
conditions and there is no reason to consider that uninhibited reproduction is the main goal or basic property of
the human species.
Finally, a certain optimum for the size of human population of the Earth need not necessarily mean a limitation of the size of population of the entire humanity. It is quite likely that well before that time it will be possible
to create large inhabited space bodies or use other planets for living purposes.
The problem of natural resources is encountered today already, long before the total volume could begin to
slow down the development of the human society.
The potential sufficiency of natural resources may be actually valid only on the condition of optimum
exploitation of all the riches of our planet as a whole. However, here we encounter serious obstacles.
The private ownership of natural resources and means of their exploitation lead to situations where only an
optimum but predatory exploitation of natural riches takes place, particularly when the natural riches of a country
are exploited by a foreign firm. The increasingly popular nationalization of natural resources and in particular the
transfer of their ownership to a society which is pursuing a definite aim and has long-term prospective plans for
its development is of great positive significance not only from the political point of view but also for the conservation and efficient utilization of natural resources of the Earth for mankind as a whole.
Another very serious reason for inefficient utilization of natural resources consists of the fact that the population of the countries where technical development was slow (which comprises the greater part of humanity),
does not have the appropriate tools, means and qualified specialists.
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Exploitation of many natural resources, such as fish and minerals in the oceans, is now undertaken on a global
scale, reaching far beyond the borders of individual countries. Yet there is no socio-political mechanism which from
the point of view of mankind as a whole would ensure the appropriate and optimal utilization of natural resources.
The very "common point of view" of mankind as a whole with regard to all natural resources of the Earth is
still absent and cannot be evolved for the time being.
The above-mentioned circumstances inhibit the utilization of optimal forms of exploitation of natural resources
of our planet. To an even greater degree they inhibit their cultivation and transformation.
The aims of cultivation are mainly related to the renewal of natural resources and are closely connected with
the influence of the natural environment. We shall consider this problem in greater detail.
At present we are utilizing almost all kinds of renewable natural resources. The degree of utilization on the
credit side of the balance is measured in units or tens of per cent. Thus we are utilizing about 70 per cent of all
soil suitable for agriculture with the current agricultural methods, about half of the forest increase, about 10 per
cent of fresh water from the river flow, and an insignificant proportion of all biological resources of the ocean, but
a substantial part - about 70 per cent - of the growth of population of major species of industrial fish.
The requirements of humanity in renewable natural resources increase steadily. The means of their "production" - extraction from nature - become increasingly efficient. Increasingly efficient is also their utilization. On
the whole we are approaching the stage of full utilization of the credit side of the balance of each of the abovementioned resources.
As experience has shown, beyond that point either the utilization must decrease, which is what happened in
the case of whales, for instance, or an equilibrium should be achieved between the additional growth and the
utilization of the resources; this has been achieved in some states in the case of forestry; another alternative being
the cultivation and the transformation of balances.
For our country, as for our other socialist countries with planned economy on the scale of the entire state,
this latter path is the most natural one and has long since been put to practice. On the initiative of V. I. Lenin,
from the earliest period of Soviet rule, various measures and corresponding laws on rational utilization and cultivation of natural resources were adopted. The foundations for land reclamation, transformation of river flow, proper
organization of forestry and many other measures natural to a planned national economy were laid at that time.
At present, in certain regions of the Soviet Union we experience a shortage of fresh water in spite of the fact
that the total water resources of our country are large. This is due to the fact that the greater part of the river
flow occurs in sparsely populated regions of our country and is lost to the Arctic Ocean. In this connexion it is
necessary to plan the utilization of water resources thoroughly and to exercise care in their transformation in the
interests of the development of the national economy. The large undertakings of this type accomplished in our
country are widely known. Yet more is to come - projects for an even more radical transformation of the river
network are being developed at present, initially for the territory for the European part of the country, and later
for Siberia. The basic idea consists of diverting part of the water yield of the rivers flowing northwards to the
south. This will make it possible to irrigate vast territories of arid lands and increase the discharge to the Caspian
and Aral Seas, which is also necessary for a number of undertakings of the national economy.
Similar cultivation and transformation of the environment are accomplished with regard to soil, forests and
other natural resources.
Analogical measures are being taken in other countries as well. For the time being these consist mainly of
local measures, carried out within individual states. Nevertheless, measures of a regional character have already been
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introduced, such as the control of discharge of some rivers crossing the territories of a number of states. Action on
a global scale will be necessary in the not-too-distant future.
The cultivation and transformation of natural resources on the global scale are already feasible from the scientific and technical points of view. Thus, for instance, large-scale pilot projects on cultivation of certain species of
fish in the ocean could already, begin. Nevertheless, it should be readily understood that the existing socio-political
conditions are an obstacle to it.
Utilization of the natural resources which can be generated and the activity of the human society as a whole
exert an increasing influence on the natural environment. Thus, we are modifying the composition of the natural
environment, or, to be more precise, we change the balance which was established in the natural cycle of various
substances. This change of the balance is accomplished partly by extraction of a number of substances from the
natural cycle and to a greater degree by introduction of additional substances, mainly industrial waste, into the
atmosphere and water environment. The pollution of the atmosphere and of water environment is justly considered
today as one of the most important problems faced by mankind.
Of greatest significance is the pollution of the waters of rivers, lakes and reservoirs on the territory of th~
continents. This pollution started a few centuries ago. However, at the outset the industrial waste did not have any
significant role in the natural balance of substances. The pollution was local and its liquidation was achieved by
means of dilution with clean water. During the present century it became necessary to standardize the discharge
of pollutants. The standardization during a number of decades satisfied the requirements of keeping rivers and lakes
clean as a whole, because the dilution was a reliable method of liquidating pollution in the relatively short span of
the river. The present situation is substantially different. The amounts of pollutants discharged by industry into the
rivers and the lakes exceed by hundreds and thousands of times the natural concentration of the various components
of natural water. We cannot expect to remedy this pollution by means of dilution because in a few decades almost
the entire river flow of the globe would be necessary to dilute the amount of pollutants which could be expected
from industrial development. Obviously, serious changes in the technology of production and refining are necessary namely, introduction of close technological cycles, repeated utilization of water in industry and similar measures,
which are entirely feasible from the technical point of view. However, a corresponding re-organization of industry
will necessitate enormous outlays in all countries.
In spite of the fact that the level of water pollution in our country is lower than in other industrially developed countries, and in spite of the existence of large untapped reserves of surface water, serious measures on cleaning of waste and transformation of industrial technology are being planned.
At present no new industrial undertakings are launched in the U.S.S.R. unless they are accompanied by fairly
sophisticated anti-pollution installations. Thus, for instance, the construction of large plants on Lake Baikal, which
was of great concern to the public opinion in the Soviet Union and in other countries, was planned and put into
operation, accompanied by the implementation of very large anti-pollution installations, unique as to their efficiency.
Nevertheless, we are far from being satisfied with the anti-pollution drive in the field of industrial waste. A
great number of industrial undertakings set up during the war and in the early post-war years are equipped with the
same conventional imperfect installations for treatment of waste as are adopted everywhere in the world in view of
the urgency of their construction and shortage of funds. These are being gradually modernized or replaced by more
efficient ones.
In our age the pollution of water bodies ceases to be a national problem and becomes an international one,
above all in those cases when rivers cross the territory of a number of countries. The problem obtains a global
character since most seas and the world ocean are subject to serious pollution.
The situation is very similar for the atmosphere. Heavy pollution on a local scale is observed in many cities
and industrial regions. There is no need to quote examples which are well known to all. As regards our country,
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many of our cities are also polluted although notto the same degree as in the U.S.A. and in other industrial countries. We have long been planning industrial construction in such a way as to avoid the harmful effect o~ waste
emitted into the atmosphere over the closely located inhabited districts. We are now beginning to control the
emission of waste into the atmosphere so as to avoid such emission altogether or to reduce it substantially, if the
meteorological conditions are unfavourable. It is known that in some situations in the atmosphere the pollution
collects in the lower layer and has a more harmful effect than in other atmospheric conditions.
A cardinal solution to the problems of air or water pollution is the elimination of the emission of pollutants
by means of changing the technological processes. Thus, for instance, the most successful measure for elimination
of ashes, soot and combinations containing sulphur, produced by heating systems in the cities, is the adoption of
heating by gas. The replacement of other fuels by gas for heating in the city of Moscow practically eliminated
pollution in this large industrial centre. At present the atmosphere of Moscow is clean and satisfies the requirements
of health standards. The other cities of our country will also replace conventional fuels by gas heating.
If the pollution of the atmosphere grows at the same rate, it will become a global problem in the next few
decades. The pollution of the atmosphere and water environment by industrial waste has today achieved such
magnitude and is growing so fast that it is indeed a serious hazard for the welfare of mankind. At the same time
it can be eliminated on the basis of available knowledge and·technical achievements. Only goodwill and large-scale
capital investment are required.
For our country and other socialist countries, which have set certain targets and long-term development
prospects, the pollution of the natural environment represents a temporary derogation from the standards, which
is essentially caused by the absence of sufficient funds in a period of construction, by certain defects in planning
and other similar reasons, but certainly not due to misunderstanding of the capital importance of this problem for
the state.
One could quote dozens of decrees of Ministers of the U.S.S.R. on measures aimed at the prevention of air
and water pollution - as a whole or specially with regard to certain rivers, regions or specific undertakings.
In this manner special measures were adopted for safeguarding the unique natural complex in the region of
Lake Baikal, including particularly thorough regeneration of water from undertakings located in the basin of the
lake, a certain rigour in forest administration, industrial production of certain species of fish and strict control to
prevent overfishing, etc.

Another typical example is Lake Sevan, located in the mountains of Armenia. A few decades ago, in connexion
with a dire need in power production and irrigation of lands in the vicinity of Erevan, it was decided to use part
of the water of the lake for this purpose. Thereby it was intended to change the water balance and diminish the
amount of water in the lake by lowering its level. The hydro-power plants and irrigation systems were built according to plan and the level of the lake began to decrease.
But now that the economy 'of Annenia has grown and strengthened considerably, the government of the
Republic has found it appropriate to invest substantial funds in order to prevent further lowering of the level of
the lake, by means of channelling water to the lake over a considerable distance. This is done exclusively to conserve
a beautiful natural site which is appreciated not only by Armenians but by many other Soviet citizens.
We are firmly convinced that our country will take all necessary measures for reduction and later for the
elimination of air and water pollution.
We know that significant measures in the fight against pollution are being undertaken both in the U.S.A.,
where they are particularly needed, since the industry of this country produces about half of the entire pollution
of the world, and in the other countries. The implementation of such measures in countries with private ownership
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of undertakings is often associated with overcoming serious contradictions between the interests of the owners of
the undertakings and the interests of society.
Widespread and justified concern of public opinion in all countries as well as technical feasibility of solving
this problem lead us to hope that within the next decade the industrial pollution of the environment will be
largely eliminated.
It should also be considered that prevention of discharge of industrial waste into the environment signifies
the saving and rational utilization of many substances.

One should not forget that substantial pollution of the environment is caused by war. Even the preparation
for a war is related to sufficiently frequent cases of inadvertent pollution of the environment caused by the testing
of nuclear weapons, the losses of nuclear bombs and leakages of poisonous substances intended for warfare. The
effects of the actual warfare are incomparably greater. These are far in excess of all that could be caused by any
industrial pollution.
It is well known what colossal impact on the natural environment and on the entire humanity would be
caused by pollution with radioactive substances in case of a nuclear war conflict.

Of substantial importance is the change of the heat balance of the planet. Any industrial activity is inevitably
accompanied by the emission of heat. At present, heat emitted by industry constitutes approximately 0.01 per cent
of the thermal energy which the surface of the Earth is receiving from the sun. If the power production of humanity
is going to increase in the future at the same rate as in the last decades, in 50 to 100 years this value will reach one
or a few per cent in addition to the heat balance which gradually set in on our planet over the ages.

The changes of albedo (reflective property) of the Earth's surface due to the construction of cities, agricultural
activities, irrigation etc., also influence changes in the heat balance. Of influence also are the turbidity of the atmosphere caused by dust, changes in the composition of the atmosphere resulting from industrial waste and fuels,
mainly due to carbon dioxide, and fmally formation of additional clouds, for instance by aeroplanes. These factors
all act in a complex manner, occasionally in different directions but contributing to an increase in temperatures at
the Earth's surface and in the atmosphere. In 50 to 100 years the temperature increase may reach one or a few
degrees.
In principle, measures could be taken to prevent such "over-heating"; this would require major co-ordinated
action on the planetary scale, however.

Another form of intervention in the environment is modification of the water cycle. Apart from the removal
of a certain amount of water from the water cycle, for the production of chemicals, we should also take into
account that the development of industry and agriculture re-distributes water resources, decreasing the discharge of
rivers to the ocean and increasing the evaporation from the continent. We may expect that in the next century the
fresh water requirements of irrigation and industry will correspond to approximately 50 per cent of the current
discharge of the rivers. It is not yet clear how this increased evaporation is going to influence the planetary water
cycle. We may expect an increase in precipitation. An increase in the cloud amount will also influence the climate.
Later, when, in parallel with the utilization of water-yield of rivers, significantly greater use will have to be
made of ground waters, and later still, when subsequent to harnessing of thermonuclear energy, desalination of
sea waters will begin on a large scale, the total amount of fresh water in the hydrological cycle will be increasing.
Here we cannot consider the substantial impact on the totality of animals and plants of the Earth. It takes
the form of direct extermination of many plants and animals due to deforestation and land amelioration, as well as
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the form of the influence on the biosphere of the above-mentioned changes in the composition of the atmosphere
and water environment, in the heat balance and in the water cycle.
So far we have dealt with the direct effect of the influence on the environment. However, we know that
many extremely complex and interconnected processes which determine· the state of the environment occasionally
become unstable. The unstable states of the clou'd systems are well known. In spite of the enormous amounts of
energy involved in the processes related to the cloud systems (up to 106 to 10 7 kW), it is possible to modify the
direction of their further development by application of relatively limited means. The methods of protection from
hail, introduced in the practice of the Soviet Union, cloud dispersion and atteinpts to stimulate precipitation.
conducted by scientists of various countries are based on this principle.
'
,
The problem of singularity and stability of the climate is of great interest. The history of the Earth indicates
that its Climate changed a number of times in a most radical manner.
There are a number of hypotheses explaining the variations of climate. It may be assumed that in the distant
past they were caused by changes in the rotational axis of the Earth, in distribution of continents and oceans and in
the other features of the structure of our planet. However, these explanations are not valid for substantial changes
in the climate of the planet during the last 10,000 years.
Therefore, with an unchanging structure of our planet the climate may vary considerably, i.e. the totality 'of
the climate-forming processes of the ocean and the atmosphere may occupy not a single, but a number of different
positions of relative equilibrium.
Furthermore, studies have shown that this equilibrium may occasionally become unstable. One of the triggering
mechanisms, shifting the climate to a different position, may be the ice cover of the Arctic basin. * This has both its
positive and negative aspects.
It is positive in that it enables us to hope to be able to modify the climate in a purposeful way by using
relatively limited means. It is negative in that similar modifications may occur, while being beyond our control.

There is, therefore, no doubt as to the necessity for the thorough investigation, prediction and control of
man's influence on nature. An increase of this influence - both inadvertent and intended - is inevitable.
We try to conserve nature and it goes without saying that for purposes of recreation, tourism, etc. we should'
have reservation in various natural areas. But the time will come when we shall no longer accept the further existence. of waterlogged territories, tundra, salt-marshes and deserts on dozens of millions of square kilometres of the
surface of our planet.
It is not the conservation and stabilization of the natural environment that we should aim at and prepare for,
but a conscious, purposeful transformation and cultivation of nature with due consideration for the increasing
requirements of mankind.

If technology is called upon to implement such tasks in a few decades, science should already be considering
them, at least on a theoretical basis. Is science ready for it?
At present various theories of interaction of the totality of the global processes in the atmosphere and the
oceans which determine the climate and the weather of 'the globe are being developed. Until recently these investigations were hampered by the scantiness of information on the initial state of the environment and by the
enormous volume of computations needed. It is now apparent that the meteorological satellites and other systems

* M. 1. Budyko. Sea ice and climate. Izvestija of Academy of Sciences of the U.S.S.R, Geographical Series, 1962, NO.6.
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of collecting global information, and powerful high-speed computers, will make it possible to overcome these difficulties. At any rate, some related problems are already being solved by the scientists of different Gountries. For the
same reason the World Meteorological Organization is undertaking a large Global Atmospheric Research Programme.
It is to be hoped that within the next few decades we shall find ways of calculating the state of equilibrium and
the reaction of the environment to influences on it.
In my view the situation is worse in the field of studying the processes of the biosphere. Here the calculation
of regularities of the natural processes and the quantitative assessment of the effects of interfe,rence are still far off.
At the same time for the implementation of current major projects on transformation and cultivation of nature
these calculations of "durability" and reactions of the environment are needed no less than the calculations of
resistance of materials or durability of the elements of construction for building of edifices were needed a long time
ago. Doubtless this problem will also be solved in time. Already it is in the centre of attention of national and international scientific organizations. The reason for concern lies elsewhere.
The enti{e problem should be treated in a somewhat broader context. Mankind has already achieved great
capabilities for conducting major action in the widest sense of this word. For instance, great capabilities for regulating the energy flows are concentrated in the centres of power systems. Present-day modern industry may manufacture, in a short period of time, great quantities of any prodUcts. It is well known what the consequences of a world
nuclear conflict would be.
This accrued capability for large~scale action should in general be accompanied by accrued guarantees of their
purposefulness and reliability. Thus, in any organism created by nature in the process of natural selection, we have
simultaneously both the capacity of action and the corresponding means of guaranteeing that these actions will be
used for the benefit of that organism or of its species .. In technology also, the greater the scale of the action, the
better the guarantees we try to provide for the purposefulness and reliability of these actions. This is done in any
mechanism or on the scale of an undertaking or groups of such undertakings. In the socialist countries with a
planned economy this is done on the scale of the whole state. But we do not have it yet in human society as a
whole. And therein, in my view, lies the danger for the development of society.
Here I would like to quote an important statement which was made in the report of the UN Secretary-General,
U Thant, which was devoted to the problems of the environment: "The deterioration of the human environment
may thus be related to three basic causes: accelerated population growth, increased urbanization, and an expanded
and efficient new technology, with their associated increase in demands for space, food and natural resources. None
of these need be damaging to the environment. However, the efforts to accommodate population, to integrate
technology into complex environments, to plan and control industrialization and urbanization, and to properly
manage land and resources, have fallen far short of those required. * In consequence, all nations of the world face
dangers which in some fields and in some areas have already achieved critical dimensions ... "
This is the opinion of the Secretary-General of the UN. And now let us recall the thesis formulated by Karl
Marx over 100 years ago. In one of his letters he wrote: "Culture, if it develops spontaneously instead of being
consciously directed ... leaves a desert in its wake". ** It is doubtful if the problem before us could be expressed in
more precise and laconic terms.
Whether the Earth will become a desert or not depends on the timely development of an appropriate social
mechanism which would ensure the harmonious development of society in interaction with nature in the world as
a whole.

* Problems of the human environment. Report of the Secretary-General. Introduction, paragraph 8 (by E. K. Fedorov). UN
Economic and Social Council, Document E/4667. 26 May 1969.

** K. Marx and F. Engels. Selected letters. Russian edition, 1964, Vol. 32, p. 45.
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History and the theory of historical materialism offered by the same K. Marx tell us that the social structure
was always undergoing a constant change in accordance with the growth of the productive forces. By so doing it
was ensuring the further steadfast development of human society as a whole. This process resembles a chain reaction
in which every stage serves as a preparation of all efforts for the appearance and further growth of the next stage.
It is possible to indicate a date by which the unity of mankind in its interaction with nature should be necessarily achieved? I believe that it is possible to indicate such a date. This date will be somewhat earlier than the
moment when the utilization of renewable natural resources will reach the full value of the credit side of this
balance, on the one hand, and when, on the other hand, certain factors of human influence on nature will have a
noticeable impact on the natural processes.

As was pointed out earlier, we can approach a level of full utilization of the credit part in the balance of
certain renewable natural resources: fish, forests, water yield of rivers and, possibly, soil in 50 to 100 years. By
that time we could reasonably expect a certain impact of industrially generated heat and increased evaporation on
the heat balance and the water cycle on a planetary scale. Naturally this is a very rough estimation. However, it
may be determined with considerably greater accuracy as a result of more precise evaluation and comparison of the
evolution of several, little-connected processes. This is that very critical stage which mankind will be able to pass
only under certain conditions.
Let us try to evaluate these conditions.
First, mankind should have a consciously adopted and clearly defined common aim and a long-term prospect
for further development. Only in that case will it be able to evaluate intelligently the contemporary and expected
features of the natural environment of the planet as generally favourable or unfavourable.
Second, society should in practice be capable of regulating and planning the development of all its industry,
agriculture, and other fields of practical activity long in advance, in accordance with the aims it set for itself. Only
in that case will it be able to use and cultivate the totality of natural resources of the Earth in an economical and
efficient manner.
Third, society should be capable of drawing on great material resources for co-ordinated implementation of
large-scale activities which would yield results only in the distant future. Only in that case will it be capable of
adopting measures for an appropriate modification of nature, including the future organization of the "biotechnosphere": the harmonious synthesis of a natural and technically constructed environment.
Fourth, the possibility of large conflicts, any of which \vould disrupt the other conditions, should be eliminated.
In my view, a single socialist society over the planet could have these properties. But it is conceivable that the
necessary conditions may also be ensured in a society which would consist of countries with different social structures, on the condition of their peaceful coexistence and, moreover, close co-operation in the framework of the
whole planet.
Irrespective of the structure of human society in a few decades, it is already vital to take specific and serious
measures in order to, to use the expression coined by K. Marx, progress from "spontaneously developing" to
"consciously controlled" culture.
.
Ceasing of the arms race would make it possible to find the necessary means for a rapid reconstruction of
technological processes in industry and agriculture with a view to reduction and subsequently prevention of the
pollution of the atmosphere and hydrosphere.
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A ban on nuclear, chemical and bacteriological weapons would preclude the danger of military pollution of
the environment.
Disarmament and safeguarding of lasting peace would pave the way for launching major projects on conservation, transformation and cultivation of many natural resources on a global scale.
The understanding of the coming stage in the process of interaction of man and nature poses on us an obligation to struggle with all our force to achieve a social regulating mechanism before this spontaneous development
of productive forces leads to irreversible disruptions in the interaction between human society and natural
environment.

METEOROLOGICAL ASPECTS OF GREAT LAKES POLLUTION*

by J. P. Bruce

Pollution of the waters of the Great Lakes system has become a matter of major concern to the thirty-five
million Canadian and U.S. residents of the Great Lakes Basin. It has also become an international symbol of the
extent to which man's technological society can seriously affect very large natural systems if appropriate controls
and waste treatment measures are not undertaken. Fortunately governments at federal, state and provincial levels in
both Canada and the United States now recognize the problems and the need for determined action and expenditures
of large sums of money for their solution, although many members of the scientific community and the public feel
that pollution abatement progress is still too slow, especially on Lake Erie. This note outlines the major pollution
problems affecting the Great Lakes and indicates how meteorological factors bear on the study and solution of these
problems.
The pollution problems of the Great Lakes can be broadly divided into three major categories: eutrophication,
toxic substances, and waste heat. The first of these, eutrophication, is the problem of over-enrichment of the lakes
by nutrients, in particular phosphorus and nitrogen. This over-fertilization Of the lakes is especially critical in Lake
Erie, which is a relatively shallow body of water (average depth 18 m.) and manifests itself in massive blooms of
algae near the surface in late summer. These algal. blooms then either sink to the bottom and cause extensive oxygen
depletion of the botto~ waters during their decay, or wash asho're, fouling beaches and water intakes along the
shorelines, Bottom-rooted algae such as Cladophora also abound in near-shore areas of Lake Erie and in Lake Ontario
and in the more polluted shore zones of the Upper Lakes arid have similar effects on shore uses. Control programmes
are focused on reducing the nutrient inputs to the Lakes and especially towards control of phosphorus, which is
present largely as a result of man's activities and is therefore the most controllable of the nutrients producing "cultural" eutrophication. Control programmes in Canada include legal restrictions on the amount of phosphates that
may be used in detergents. In both Canada and the United States, programmes for nutrient removal at sewage
treatment plants of the larger municipalities are underway.
The second major category of pollution problems includes toxic substances. The problem which has received
most widespread attention recently has been the mercury contamination in Lake St. Clair, parts of Lake Erie and
parts of Lake Ontario. Mercury from industrial processes has been discharged into the Lakes and has seWed into
the sediments. Once in the sediments, the metallic mercury is converted to the highly toxic methyl form by bacterial action, and is subsequently taken into the food chain. Certain species of fish taken in nearly all parts of the
Great Lakes system have been found to have more than 0.5 ppm mercury in their flesh and have been deemed unfit
for human consumption (see Figure 2). Other toxic substances which are appearing in increasing concentrations in
the Great Lakes environment are lead, cadmium, zinc, DDT, dieldrin, polychlorinated biphenyls (PCBs) and several
·others. Active control programmes to reduce discharges of such toxic substances are under way in both Canada and
the United States. However, in some cases, past neglect has created problems, typified by the situation involving
gradual methylation of mercury now in the sediments, which are impossible to control with present scientific and
technical knowledge .

... Lecture presented at Sixth Congress of WMO by R. H. Clark.
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A third potential pollution problem in the Great Lakes lies in the possible effects on the Lake waters and
biotic communities of waste heat discharges from conventional and nuclear power plants and from other industrial
and municipal sources around the Lakes. Fortunately this problem is not serious at present but a study (Denison
and Elder, 1970) has shown that waste heat discharges to the Great Lakes will increase eleven-fold by the year
2000 according to plans of the various power utilities. To put this amount of heat into a human perspective, the
annual amount of waste heat discharged to Lake Ontario by the year 2000 will equal that required to heat 12 million
Canadian homes each winter, if there were 12 million Canadian homes. In nature's scale it would be about equivalent
to 18 days of incident solar radiation in January on the surface of Lake Ontario. Research is being carried out on
the dissipation of this waste heat within the Lakes and to the atmosphere, on the potential effects of the waste heat
on the biota of the Lake, and on potential beneficial uses of waste heat for heating greenhouses, aquaculture and
other purposes.
There are a number of other examples of pollution problems in the Lakes, including accidental spills and discharges of oil and other toxic substances, bacterial contamination due to discharge of untreated sewage from some
municipalities and ships, and the discharge of solid wastes from vessels and shore-based dumps.
In considering the influence of the atmosphere, or hydrometeorological aspects of Great Lakes pollution problems, it is convenient to consider three main headings: (1) exchanges of matter between the atmosphere and the
Lakes, (2) exchanges of heat, and (3) exchanges of momentum. Perhaps the most important aspect of the exchange
of matter is the contribution of precipitation to the chemical pollutants in the Lakes. In the report to the International Joint Commission on Pollution of Lakes Erie and Ontario, 1969, it was estimated that 16,000 short tons
of nitrogen is contributed to Lake Erie and 12,000 sho·rt tons to Lake Ontario from precipitation each year. This
represents approximately eight per cent of the total input of fertilizing nitrogen to the Lakes. More recent data
collected during 1970 tends to confirm these estimates and suggests that perhaps three to four per cent of the total
phosphorus input to the Lakes comes from atmospheric sources. While these are not large contributions of nutrients
to the Lakes on a percentage basis, they do represent significant uncontrollable sources and are important in determining the extent to which the reduction of the controllable sources must be achieved if nutrient levels are to be
reduced to those characteristic of non-eutrophic lakes.
Recent studies at the Canada Centre for Inland Waters have also shown that significant quantities of some toxic
metals are contributed to the Lakes from precipitation. Bulk precipitation samplers were exposed at 16 locations
along the Canadian side of the Great Lakes in collaboration with the Canadian Meteorological Service. In addition
to phosphorus and nitrogen, measurements were made of lead, copper, iron, zinc and cadmium concentrations in
the total precipitate, which included both the rained out material and the dustfall. Some of the results are shown in
Figure 1. The most disturbing aspect of these results is that lead concentrations, in the Toronto area most noticeably,
exceed the maximum permissible level of 50 ppb in Canadian raw drinking water standards. Over a period of several
months they averaged 70 and 90 ppb at two stations in the Toronto area. The lead concentrations in the bulk precipitation were much higher in the heavily populated areas with high density automobile traffic, than they were in
the less densely populated parts of the Basin, such as the Bruce Peninsula and Kingston areas. While copper, iron
and zinc values were all less than the maximum permissible levels for these substances, they were certainly higher·
than "desirable levels" indicated in the raw drinking water standards which suggest that these three metals should
be virtually absent. At Pelee Island, for example, the average concentration from July to October 1970 of copper
in the precipitate was 260 ppb; in the Hamilton-Burlington area 140 to 170 ppb of zinc was present in the precipitation. In connection with cadmium, a highly toxic substance, the only surprising result was concentrations of the
order of 18 ppb in the vicinity of Guelph. The maximum permissible level in the raw drinking water standards is
10 ppb, and the measurements at Guelph are as yet unexplained. Cadmium values in the rest of the sampling network were generally in the order of 2 and 3 ppb. The concentrations reported here were quite variable from sample
to sample and must be considered as very preliminary. The study is continuing in a more intensive way over the
next two years and some samples are being divided between dustfall and wet precipitation in an attempt to determine the relative contributions of each. Other work on precipitation sampling is under way in the Departments of
Botany and Geology at the University of Toronto and in several other locations in ·the Great Lakes Basin.
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Gaseous exchanges at the air-lake interface are also important. For example, carbon dioxide may be an important source of carbon for algae during bloom periods and limitations on carbon dioxide exchanges may affect the
development of algal blooms over short periods of time. Oxygen inputs from the atmosphere are also important in
maintaining high quality water. The rates of gaseous exchanges between the atmosphere and the lakes are not well
known or understood.
In considering exchanges of heat between the atmosphere and the underlying lakes it should be noted that a
very important factor in understanding the effects of pollutants on large lakes lies in the seasonal warming and
cooling cycles. The rate of warming and cooling and the extent of these processes are dependent, of course, upon
the seasonal weather conditions. A very cold winter, followed by rapid warming in the spring, often results in sharp
horizontal discontinuities in the temperature structure of the lakes near the shoreline. These discontinuities are
known as "thermal bars" (Rodgers, 1965). The formation of thermal bars inhibits the effective dispersion of waste
discharged along the shoreline into the main body of the lake, imd can result in unduly large concentrations of
nutrients and other contaminants in near-shore zones in the spring of the year. In addition, the strength of the
thermocline, the sharp discontinuity in temperature in the vertical between the warm epilimnetic waters and the
cold bottom waters in the hypolimnion, depends strongly on radiative and convective exchanges with the atmosphere.
A strongly developed thermocline inhibits the reaeration of bottom waters of the lake. When oxygen depletion occurs
due to decay of algae there is no possibility of atmospheric oxygen penetrating to the bottom waters when a strong
thermocline is present. Algal growth itself is strongly influenced by the air temperatures and insolation. A year with
high air temperatures and above-normal insolation .produces larger than normal algal blooms and a cold and cloudy
year does the reverse, although the quantitative relationships are not ·well known.

The rate of exchange of heat between the lake and the atmosphere is also important in connexion with the
disSipation of waste heat from power plants and industrial sites along the shorelines of the Great Lakes. The waste
heat discharges are diffused in the lake. Most of the heat is dissipate\! to the atmosphere, both through sensible and
radiative heat exchanges and through evaporation. The increase in mean lake temperature required to dissipate the
added heat is dependent upon the surface heat exchange coefficient. There is, at the moment, considerable uncertainty as to the value of this coefficient. This shortcoming in present knowledge is making it difficult to predict the
impact of waste heat discharges on lake water temperatures, on increased evaporation losses, and on the biotic
communities in the areas of the discharges.
The third main way in which the atmosphere affects pollution of the Great Lakes is through the transfer of
momentum from the atmosphere to the lake waters. The main driving force for the currents and circulation of lake
waters is the wind field over the lake, as modified by the Coriolis force and currents due to inflows of the major
rivers. The input of turbulent energy at the surface of the lake, together with the heat exchange across the lake surface, controls the temperature structure of the lakes. The maximum depth of the summer thermocline is a direct
function of these factors. It is surprising, but true, that a good knowledge of the wind field, and thus the wind
stress, on the surface of large lakes such as the Great Lakes is not available since there have been no major programmes of observation of winds and wind stress over the large lakes. At present the wind stress over the lakes has
been inferred from either gradient winds or shore-based wind observations, although Richards et al. (1966) have
made a valuable contribution by relating the shore-based winds to ship-observed winds on the Great Lakes and
developing coefficients of adjustment for the various seasons. During 1972 a major field measurement programme
on Lake Ontario is planned, the International Field Year for the Great Lakes (IFYGL). One objective of this programme will be to determine, accurately, the wind field over the lake surface by means of buoy-mounted anemometers, and to develop the best ways of predicting the wind field and wind stress from gradient and shore-based
winds. At the same time extensive current-meter measurements will be undertaken and measurements will be
made of internal waves on the thermocline and other significant water movements in the Lake. This will refine
our knowledge of the way lake currents,· circulation and water movements respond to wind stress on Lake Ontario,
and hopefully will provide more generalized models for application to other large lakes.
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Some knowledge is presently available on the currents and circulation of the lakes, and it is obvious that the
lake currents are highly responsive to the wind field, and that the wind field for the previous seven or eight days is
significant in determining the direction and speed of the near-surface currents at anyone time (Ayers, 1962).
A recently completed study at the Canada Centre for Inland Waters, making use of infra-red scanning devices to
determine the movement of surface currents, has shown how important the wind field and atmospheric stability
are· in affecting the movement of polluted or heated plumes or other surface water masses in Lake Ontario. Elder
and Lane (1970) have also examined the detailed temperature structures of the water surface, as revealed by infrared images. These structures reflect surface currents. They have been observed in the forms of bands, cells and
vortices. These small scale features are associated in the early spring with existence of a convectively unstable layer
near the surface caused by surface heating of water at less than the maximum density temperature. These surface
features are present only in the near absence of mechanical mixing and are, therefore, related to the prevailing
meteorological conditions.
Another way "in which lake water quality is affected by meteorological factors is through the long-term effects
of w~ath~r on the hydrology of the Great Lakes system. A low flow period in the connecting channels permits
growth of aquatic vegetation and further slowing of the flow of the connecting channels. The effects of low and
high water levels on the pollution of the lakes themselves is not at all well understood but attempts are being made
to incorporate such effects in mathematical models of lake water quality and lake water quantity which are under
development in both Canada and United States.
In summary, the atmosphere has a major effect on the quality of the waters in the Great Lakes in many ways.
In order to understand fully pollution problems in the Great Lakes it is important that we gain better understanding
of the exchanges of matter, heat and momentum between the atmosphere and the lakes. A number of the programmes
of the Canada Centre for Inland Waters, the Canadian Meteorological S~rvice and of the United States National
Oceanic and Atmospheric Administration and the Environmental Protection Agency, are directed towards attempting
to solve some of these problems. One major effort on a co-ordinated international basis will be made in Lake Ontario
during the IFYGL. Studies of the interactions between Lake Ontario and its overlying atmosphere will be a major
feature of this programme.
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METALS IN BULK PRECIPITATION - GREAT LAKES REGION
[SELECTED STATIONS - JULY - OCT 1970
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Figure 2 - Mercury and other toxic substances released from industrial processes are becoming increasingly evident in inland waters.
Many of these substances may subsequently be taken into the food chain.

VISTULA RIVER POLLUTION PROBLEMS AS RELATED
TO THE RIVER'S HYDROLOGICAL REGIME*

by E. Bobiflski

The Vistula (Wisla) River, the largest in Poland, has a catchment area of 193,000 km 2 and a length of
1,068 km. Mean annual precipitation over the catchment area is 600 mm. The mean annual discharge at the river
mouth is 1030 m 3 /sec, observed values ranging from 240 m 3
to 10200 m 3 /sec. Total yearly runoff varies from
3
3
20 km to 45 km • Two distinct flood periods are regularly observed: one in Spring (February to April) due to
snow melting and another in Summer (June-August) after heavy rain over the mountainous part of the river basin.

isec

The river rises in the northern Carpathian mountains. Although the mountain tributaries and the Upper Vistula
itself drain only a quarter of the catchment area, they contribute about one-half of the total river runoff.
From August to October, and sometimes in November and December, low flows are observed. These low
flows are usually in the order of 25-30 per cent of the mean annual discharge, the highest pollution concentration
occurs during low river flows. For this reason all the pollution measurements and water quality standards are related
to the mean low water discharge. The values of mean low water for the Vistula are as follows: Krak6w - 40 m 3 /sec.,
Pulawy - 130 m 3 /sec., Warszawa - 180 m 3 /sec., Wloclawek - 320 m 3 /sec., river mouth 370 m 3 /sec.
The Vjstula river's pollution pattern is under surveillance over a section 980 km long.
The Vistula has been contaminated over its entire length by sewage flowing into j.t either directly or indirectly
through its tributaries. The main sources of pollution are from the rivers Biala, Gostynia, Przemsza, Kaskada,
Wl:osienica and other tributaries of the upper Vistula; and the towns of Krakow, Pulawy, Warszawa, P-lock, W-loclawek
and Swiecie, including the industry situated in their vicinity (see Figure 5). The variations in the degree of purity of
the Vistula River in 1969, as estimated from the recorded pollution load index in relation to the mean low water
(SNQ in Figures 1 to 4), are described in the following paragraphs.
The greatest contamination by organic and mineral compounds occurs in the upper section of the river, as is
evident from the graphs plotted in Figures 1 to 4, which represent variations of selected contamination factors. It
has been observed that the permissible standard value of the BODs factor, ** which is 12 ppm for Class III water, was
exceeded over a length of 218 km of the Vistula from the mouth of the Biala River to that of the Dunajec River.
The highest value of the BODs factor, equal to 35 ppm of O2 was attained at the cross-section below the
mouth of the Gostynia River and below Oswic;cim. Over the section down to the mouth of the Dunajec, values of
BODs vary within the range 8 to 16 ppm, while the highest value has been noted below Krakow. Downstream from
the mouth of the Dunajec values of the factor do not exceed 8 ppm, and in the region of Pulawy BODs values rise
slightly above 8 ppm. The effect of contamination by wastes from the vicinity of Warszawa is reflected in an increase

* Lecture given at Sixth Congress of WMO.
** BODs (biological oxygen demand): Quantity of oxygen used up in five days during the biochemical oxidation of organic matter.
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in BODs to 10 ppm, which then decreases until a further rise to 8 ppm below Plock, and to 10 ppm below
Wfoclawek. Over the remaining length of the river, values of the BODs factor remain within the permissible limits
for Class II water (8 ppm).

Oxidation demand (potassium permanganate) shows that the standard value for Class III water of 30 ppm of
O2 was exceeded over a length of 42 km upstream from Krakow. Values lower than 20 ppm have been recorded
below the Dunajec tributary. On the remaining part of the Vistula, the curve of oxidation passes below the standard
values of 20 ppm assumed for Class II water. A slight surpassing of the value of 20 ppm has been noted below the
mouth of the river Bren and in the vicinity of Sandomierz and W-l-oclawek.
The greatest pollution by phenolic compounds takes place in the upper Vistula, where the permissible rate for
Class III water (0.05 ppm) is seriously surpassed and phenolate concentration rises to the value of 0.25 ppm below
the mouth of a tributary, the river P.rzemsza. The next rise above the standard rate has been recorded over a stretch
from the mouth of the river Bren to the river San. From D~blin downstream the content of phenolates diminishes,
reaching rates lower than 0.005 ppm in sections of the river down to Wloclawek. Slight surpassing of the permissible
rate has been noted below the towns of Wloclawek and Grudzi~dz. The waters of the Vistula which flow into the
sea possess phenol compounds at a rate lower than 0.005 ppm.
The highest degree of salinity in Vistula waters, which is indicated by the concentration of chlorides, occurs in
the upper reaches of the river below its tributary the Biata and within the vicinity of Krakow. A rate of chlorine
content higher than that permissible for Class III water (400 ppm of CI-) has been recorded on several stretches of
the Vistula from the mouth of the Biala to the Dunajec. The highest concentrations of chlorides occur below the
river Biala (1100 ppm), below the river Gostynia (754 ppm) and below the city of Krakow (800 ppm). From the
mouth of the river Dunajec down to the town of Kazimierz the chlorides content falls with the flow and attains the
following values:at Pulawy, 200 ppm; at Modlin, 100 ppm; at P-l-ock, 70 ppm; and at M~twy, 110 ppm. Over the
remaining length of the river the content of chlorides remains at a stable value of about 100 ppm. .
The permissible sulphate content fbr Class III water is 250 ppm of S04' This is exceeded in the upper reaches
of the Vistula between the mouths of the Przemsza and Skawa Rivers. The concentration of sulphates over this section attains the values of 384 ppm and 289 ppm.
From the mouth of the Skawa to the Raba, the concentration of sulphates remains at a level of 235 ppm, and
then a distinct fall resulting from dilution by tributary waters can be observed. Below the mouth of the Dunajec,
the sulphate content settles at a level below 150 ppm and from D¥blin downstream, below 100 ppm. At the estuary
Vistula waters carry about 60 ppm of the sulphates.
An excess over the .permissible content of dissolved matter for Class III water (1200 ppm) has been recorded
over a length of 195 km from the lTIouth of the Biala to the mouth of the Dunajec river. The highest rate of 2050
ppm has been found in the Vistula waters below the Biala. Within the vicinity of Krakow, the rate falls to 1555 ppm,
and below the mouth of the Dunajec the graph representing rates of dissolved matter declines with the river flow,
attaining values of 500 ppm and less downstream from the mouth of the Pilica.

Ammonium nitrogen
in amounts exceeding the permissible limit for Class III water (6 ppm of NNH ) appear
.
4
on a stretch from the mouth of the Biala to that of the Kamienna. A slight surpassing of the permissible rate of
content has also been recorded on a section below PuJawy.
From Dyblin downstream to Plock, the content of ammonium nitrogen remains within the range 2.0 to 0.72
ppm. Below the town of Wtodawek, ammonium content increases to 2.0 ppm. From Wloclawek downstream, the
ammonium nitrogen content declines, attaining at the estuary the value of 0.50 ppm.
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Suspended matter load changes with the river flow as follows:
The hlghest figures have been recorded on a section from the mouth of the Przemsza to that of the Skawa,
and range from 115· ppm tq 145 ppm. The permissible limit for Class III water is 50 ppm. A considerable amount
of the suspended matter observed at this river section originates from the coal mines and industrial works.
The suspended matter content downstream from Laczany falls to 30 ppm. Below Krak6w the rate increases to
50 ppm and further downstream, due to an inflow of water from the Raba and Dunajec rivers, suspended matter
load diminishes to the permissible value for Class II water of 30 ppm. From the Nida river to the town of Drblin,
the rate is within 18to 28 ppm, from Dyblin down to Wloclawek it is'within 18 to 26 ppm and downstream it rises
slightly above 30 ppm. At the estuary the amount of suspended matter is less than 30 ppm.
Thefigures for suspended load are related to the mean low water dischargf:ls as discussed above. For high
water periods the suspended load rates are greater; however, this is less important from the water pollution point of
view.

The following statement may be made regarding the feasibility of water use from the Vistula River.
Over 64 per cent of its length the Vistula carries water that does not satisfy the minimum standards. Along
36 per cent of its length it carries Class III water, which is a water suitable for agricultural and industrial use. The
main factors responsible for the failure of Vistula water to meet the standards are its high content of ammonium
nitrogen, phenols and BODs.
The most polluted section of the river, the Upper Vistula, has been contaminated for a long time because the
coal mines and industry in the Silesian and Krak6w regions have existed for more than a century. In the last 20
years, as a result of rapid industrialisation, the degree and the range of contamination have increased to the extent
presented above and have created a serious problem which is complex enough if one realises that Poland already has
rather limited water resources (1600-1700 m 3 per capita yearly) in comparison with other European countries. In
order to solve the problem several measures are under study, planning and implementation. These include waste
water treatment, water use control, industrial and technological improvement and the augmenting of low river flows
from reservoirs (to increase dilution).
Many new waste treatment plants have already been completed and put into operation. Due to considerable
efforts on pollution control the rapid .deterioration of Vistula water quality has been halted. Within the last two
years the 1969 pollution pattern that is described above did not alter significantly.
A very important role in planning future work belongs to two large projects: "Poland 26" and "Vistula
Project". These projects are now being implemented by the Polish Government with the co-operation and assistance
of UNDP and WHO (Poland 26), and UNDP with UN as an executing agency (Vistula Project).
Project "Poland 26" deals with complex water pollution problems such as desalination and thermal pollution.
As a result of the UNDP-WHO assistance to this project, seven Automatic Water Quality Monitoring Stations
(AWQMS) have been installed on the most polluted rivers of Poland, three of them on the Upper Vistula. These
stations are continuously recording several indices of water pollution and are proving to be excellent tools for pollution control management.
The aim of the "Vistula Project" is to elaborate a comprehensive plan of the Vistula basin water resources
development for the years 1985 and 2000, taking into account future popUlation growth, urban and industrial
development and agricultural production and the corresponding figures for water demand, flood control needs and
waste loads.
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Several planning and programming techniques are being applied in order to solve the problem, including the
use of numerical mathematical models in hydrology. Consideration is being given to many alternative investment
programmes; for example, Figure 6 shows possible reservoir locations within such a programme. An optimal solution
is being sought which will satisfactorily meet the conflicting prospective needs subject to the a.vailable resources.
The experience gained from the "Poland 26" and "Vistula" projects may perhaps be of value to countries
having similar water problems.
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THE BODS CURVE ALONG THE VISTULA RIVER WATER COURSE
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POLLUTION ASPECTS OF INLAND WATERS

by WMO Secretariat*

Maintenarice of water quality
As with many of the other problems affecting the quality of our'environment, the pollution of rivers, lakes
and groundwater acquifers has been gradually increiu;ing for centuries; but it has only recently reached levels high
enough to cause major problems on a wide scale, and has consequently attracted widespread public concern.
The majority of the increase in pollution. of rive~s and lakes ·arises from an expansion in the urban, industrial
and agricultural spheres which is not under the control of the agency responsible for the hydrological services of the
region. However, if the pollution is a consequence of a water resource project, there exists the possibility of revising
or operating the project so as to reduce the harmful effects.
Information on the hydrological regime of an area is a starting point in defining the general framework in
which pollution occurs. Rivers have the ability to disperse and break down many pollutants as they flow downstream; the more turbulent the flow, the more rapid the reduction in the level of harmful compounds. In addition, .
there is a direct correlation between the rate of streamflow and the concentration of pollutants. These are just two
examples of the many that could be given to illustrate the intimate relation that exists between water quality and
pollution on the one hand, and the hydrological regime cf a river basin on the other.
PollutIon can therefore be minimized either by controlling the input of pollutants to the river system or by
regulating the streamflow. The former is difficult to implement in practice since it necessitates identification of
pollution sources, monitoring of stream concentrations, and enacting and enforcing legislation to restrict harmful
amounts of pollution input. The latter is mainly a technical problem, but there is a limit to what can be achieved
by regulating the mean flow and hydrological regime of water bodies. Preferably the input of pollutants should be
related to the streamflow forecasts, i.e., inputs should be restricted during droughts but may be increased during
large floods. This can only be achieved if an efficient streamflow forecasting system is in operation.
Pollution discharged either into rivers or directly into lakes is an environmental problem which affects the
"health" of large and small lakes of the world. It causes an increase in the level of toxic pollutants, an increase in
water temperature stratification, and the amount of nutrients, all of which lead to eutrophication of the lakes. If a
lake has no outflood at all, the situation may worsen indefinitely unless further inflow of the pollutants is stopped.
In lakes with outflow, clean inflow water will help flush out pollutants. This action occurs naturally, but can be
enhanced by controlling the outflow from the lake. Here again, as in rivers, hydrological forecasting can play an
important role in minimizing the level of pollution in a lake. For example, if a period of low inflow is predicted,
the lake level can be maintained as high as possible to reduce the concentration of pollutants. When floods are
forecast, the outflow can be controlled to cause the incoming cold water to meet with the warmer lake water and
thereby mix the contents. If the inflow is fo~ecast to be sufficiently large, the sluice gates can be opened wide,
allowing much of the polluted lake water to be flushed out and replaced. Thus hydrological forecasting, which is

* With the assistance of Dr.

J. T. Peterson, WMO consultant.
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dependent on meteorological forecasting, may be of considerable importance in evaluating the role of rivers and
lakes as recipients and transport mechanisms of pollutants.
Much work has been done on hydrological regimes embracing such topics as water level and stream discharge
measurement, hydrometric network design, hydrological design data for water resources projects. and hydrological
forecasting. Future research should be related to our understanding of the relationship between water quality and
the natural or man-influenced hydrological regime of a body of water and to the particular needs of national
agencies concerned with hydrological services. It is these agencies that are responsible at the national level for
measuring, collecting, storing and publishing data on streamflow and water levels in lakes so as to minimize the
effects of pollution.

Hydrological monitoring
Before water resources are developed or utilized,studies of the impact of such projects on the environment
should be undertaken. These studies should be based on an understanding of the hydrological factors involved and
of their inter-relationship with the environment. Fundamental among these factors are those relating to the hydrological and climatic regime of the region, such as precipitation, streamflow, lake evaporation and groundwater levels.
Water quality, in regard to the elements and compounds which naturally occur in rivers, lakes and acquifers,
is related to the various hydrological parameters mentioned above not only through its intimate involvement with
the overall hydrological regime, but also through the similarity of the networks required for monitoring both hydrological and water quality parameters. The consequences of a close inter-relationship between water quality and other
hydrological factors is that their day-to-day monitoring over a river basin may be integrated to provide greater
efficiency in data collection and analysis. The design of monitoring networks in various geographical and climatic
zones in countries in different stages of water resources development includes a wide range of hydrological elements
such as precipitation, evaporation, streamflow, groundwater levels, water chemistry and temperature, pollution and
tJiological properties.
There are major deficiencies in the hydrological networks of many countries in the world, and,the situation
regardjng water quality networks is even less satisfactory. However, both of these networks are established to
monitor the natural state of river basins and, as this will not vary greatly with time, the optimum system once
established will be a function only of technological improvements. Technological advances, such as remote sensing
techniques and the use of automatic telecommunication systems, feeding real-time information directly into
computers, may significantly alter the manner in which the data are measured and collected. However, despite the
increasing sophistication of the equipment that is now becoming available, the basic data coverage that is required
will remain the same, providing background information which is valuable in identifying pollutants and detecting
their sources. If legislation against the discharge of pollutants is to be enforced, it may be necessary to establish
additional stations whose sole purpose is to monitor the levels of various pollutants. These levels will vary considerably both in space and in time and the elements to be measured will be quite different from those measured at
basic water quality stations. For this reason the pollutant monitoring network might be of a different nature than
the basic networks. It might be superimposed upon them in a co-ordinated but flexible manner, and constantly
amended to meet the needs of the changing situation with regard to pollutant levels.
If legislation is effective, the level of pollution might be reduced to such an extent that the pollution network
described earlier would become superfluous. Then it may be sufficient to continue monitoring a small number of
crucial factors through the basic water quality and hydrological networks.

Unfortunately, there is also the likelihood that the number and quantity of pollutants in water bodies will rise
far above the "permissible level"; in fact this situation already exists in many rivers and lakes. If the water is no
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longer fit for any purpose other than receiving and transporting polluted effluents the pollution monitoring network
may be of little practical use. Here again, the basic hydrological network may s.uffice for further monitoring.
Hopefully, the former situation will prevail and the water bodies of the world will be used to the benefit of
mankind and to the enhancement of his environment.

ATMOSPHERE/OCEAN RELATIONSHIP IN THE GLOBAL ENVIRONMENTAL POLLUTION*

by K. O. Miinnich

Introduction
On a global scale a substantial fraction of the environmental pollutants reach the ocean via the atmosphere.
This is due to the atmospheric residence time of aerosol particles, v~pours and gases being comparable with or
greater than the time of mixing around a latitudinal belt (in the order of ten days [Bolin, 1960; Peirson and
Cambray, 1965]). The different transfer mechanisms which carry aerosols, vapour and gases from the atmosphere
into the ocean are described in the following sections.

Aerosols (example: lead)
Air pollution particles which are sufficiently small so as not to settle out easily by gravity (i.e. particles smaller
than approx. five microns radius) are mos.t efficiently removed from the atmosphere by rain, serving as condensation
nuclei for rain drops. It turns out that the atmospheric residence time for small particles is roughly the same as for
atmospheric water vapour (Bolin, Z.e., Junge, 1963). There is also a parallel pathway for penetration of particles into
the ocean, namely by diffusion. Although this mechanism is the major one for gases and vapours it will be shown
that it" is probably only a minor one for particles.

Gases (example: CO 2 ) and vapours (example: DDT)
On its way to the surface of the ocean the gas molecule approaches the illterface by eddy transport, with the
exception of the last few millimetres, which must be accomplished by molecular diffusion. After penetration through
the interface it again has to proceed by molecular diffusion for a while until it is taken over by an eddy in the
TABLE 1
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liquid. Meanwhile it may leave the liquid again, thus apparently being reflected at the interface. This pseudo-reflection
is what usually occurs; only in one case out of about a million is the molecule actually taken over by an eddy and
thus really incorporated into the bulk of the liquid (Miinnich, 1963).
Figure 1 shows the situation very schematically for the special case where the bulk concentration of the
pollutant in the liquid, and thus the back transport, is negligible. It can be seen from the figure and from the formula given there for the penetration flux density j of the pollutant that the solubility a of the gas pollutant in the
liquid plays an important role in the relative contributions of the two diffusion resistances connected in series and
adding up to the overall resistance against penetration of the pollutant: greater solubility of the pollutant in the
liquid results in a concentration jump over the interface, the gradient in the liquid becomes larger and, ceteris
paribus, the pollutant flux in the liquid increases and the liquid resistance decreases. It turns out that an a ~ 30
brings both resistances into the same order of magnitude, and with an a ~ 1000 as for DDT or even 100000 as for
water vapour the resistance in the air becomes rate controlling, whilst for a below 10, as for CO 2 , the resistance
lies in the liquid exclusively.
It is interesting to note that the van der Waals forces which are primarily responsible for the formation of a
liquid or a solid depend on the degree to which a molecule can be made a dipole under the action of an outside
electrical field. Larger molecules usually can more easily be polarized, and thus attract each other more strongly,
forming liquids and solids more readily, while small molecules are more volatile and stay in the gaseous form. Since
the van der Waals forces control the solubility of molecules in foreign liquids as well, it turns out that the less
volatile substances usually are also more soluble in water.

On the basis of this information which is mainly based on data on CO 2 derived from the 14C cycle (Miinnich.
l.c., Miinnich and Roether, 1967), but has been confirmed more recently by radon measurements as well (Broecker
and Kaufman, 1970), an educated guess can be made as to the behaviour of many other pollutants (Table 1). To
extrapolate to such extreme cases, however, like DDT vapour or even lead aerosol it is necessary to refine the model,
taking into consideration that the gas and liquid boundary layers do not have a well defined static thickness, but
rather a statistical one which increases with the diffusion constant in question. This is most easily done with the
mean eddy replacement time model (Danckwerts, 1961; Miinnich, 1963 and 1971). In this case it is found that the
removal of aerosol particles from the atmosphere by direct impact is small compared with rain scavenging. Although
experimental evidence seems to suggest that direct impact is more important than would be inferred theoretically
from the model (Miinnich, 1971), the general conclusion that an aerosol is primarily brought down by rain is not
altered.
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air/liquid
interface

Figure 1 - Simple two boundary layer model. In this figure the solubility
coefficient of the gas in the liquid is assumed to be a = 3. Thus there is a
concentration jump of a factor of 3 over the interface. (The solubility
coefficient a gives the ratio of the gas concentration per volume of the
liquid over the same number in the gas phase under equilibrium conditions.)
Gas concentration in the bulk liquid is assumed to be ~ O. Under these
conditions the penetration flux density of the pollutant is i = cow where the
"piston velocity" w can be found from the relation
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With the rounded numerical values derived from CO2 (and water vapour Eriksson, 1965) namely II = 0.4 em, 12 = 20 }J., Dl = 0.15 cm 2 /sec,
D2 = 1.5 • 10- 5 em 2 /sec, a = lone finds w ~ w2 = 27 em/hour = 2.4 Ian/
year corresponding to an atmospheric residence time of CO 2 1" = 4.5 years
(compare Miinnich and Roether, 1967).

POLLUTION ASPECTS OF OCEAN WATERS

by the WMO Secretadat*

Transport of pollution from atmosphere to oceans
The atmosphere is now recognized as one of the major sources of marine pollution; this is because many polhitants reach the ocean in significant quantities via the atmosphere. Moreover expanding industrial activities throughout the world and the need for greater agricultural production have resulted in the release of inorganic wastes and
pesticides into the atmosphere in steadily increasing amounts.
There are in fact many pollutants which are transferred from the atmosphere into the ocean. They are in
particular pesticides and inorganic wastes- such as organo-chlorine compounds (DDT,BHC, Dieldrin, Endrin);
PCBs; mercury; and lead. For instance, about 40 to 60 per cent of the total annual production of organo-chlorine
pesticides finally reaches the sea and at least 50 per cent of this amount does so by means of atmospheric transport.
Pollutants are moreover often transported by the atmosphere over great distances, and intensive research is therefore
needed to determine the mechanisms of atmospheric transport, to identify the pollutants transported, and to
establish the quantity entering the oceans.
Continuous monitoring of pollutants in the marine environment has heretofore been carried out in a nonsystematic manner for limited sea areas; it has not been carried out on a global scale. A prerequisite to establishing
a co-ordinated global system of monitoring marine pollution should be an exploratory survey of the world oceans
to establish the amounts of various substances in the marine' environment. A proposal has accordingly been put
forward for a Global Investigation of Pollution in the Marine Environment (GIPME). Exploratory surveys of the
amounts of various substances, organisms and suspended sediments in ocean waters and studi~s to establish background levels for relatively unpolluted areas and "benchmarks" to study changes with time in polluted zones are
a necessary prelude to full-scale monitoring programmes. The materials proposed for baseline studies include
halogenated hydrocarbons (DDT residues, AldriIt, PCBs), petroleum, heavy metals, radioactive nuclides, and nutrients
and potential nutrients.

Minerals - Problems related to off-shore mining
The exploitation of minerals and petroleum from the sea or ocean beds requires accurate knowledge of the
many environmental factors which influence their operations. Any off-shore mining project includes three main
types of operation: the underwater work, the supporting operations at the sea surface and the transport of products
to shore bases and of fresh supplies to the mining site. Information on ocean and atmospheric conditions, including
statistics of average conditions and predictions of future" states, is indispensable for both the planning and the actual
conduct of these operations.

* With
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Equipment for use under water, sometimes at great depths, must be protected against the corrosive effects of
sea water and must also be able to resist stresses due to· high underwater pressures and ocean currents. In recent
decades technology for underwater equipment has developed at an amazingly fast rate. The development of new
underwater equipment is dependent on accurate data of underwater conditions, such as temperature, salinity,
currents and their variations with depth. It therefore stimulates oceanographic research.
The operations at the sea surface are strongly influenced by weather and waves. Before a decision can be
taken to start mining at a given place in the sea or the ocean, an assessment must be made of the number of workable days and the type and intensity of natural hazards. Statistics must be available about storms, high waves, fog,
sea ice, superstructure icing and air and water temperature. When accurate statistics are not available, the degree
of urgency of the mining operations determines whether one should start without data and hope for the best, or
arrange for new series of observations to be accumulated in the area over a period of several years before starting
any work. Once work has begun, reliable forecasts of weather and sea conditions are essential for the construction
and operation of facilities and the safety of equipment and personnel.
The transport problem is sometimes very difficult to solve. There are places in the oceans where mining or
the exploitation of oil appears profitable but where the transportation of personnel, equipment and products can be
seriously hindered due to adverse climate. These problems have to be surmounted before exploitation can begin.
National Meteorological Services are increasingly becoming involved in providing special information on ocean
surface and weather conditions for both prospective and actual off-shore mining operations. In some cases special
forecast services have been created in which there is a close co-operation between the mining operator and the
duty forecaster. This trend of providing tailored environmental forecasts follows the development which took place
earlier in aeronautical meteorology.

Oil spills
One of the consequences of the growing petroleum industries in the world is the pollution of the marine
environment associated with increased exploitation of oil in off-shore areas and the bulk transport of crude oil.
The former may lead to leaks and blow-outs of oil during drilling operations or other boring accidents resulting
from the geological survey of the area. The latter lead~ to frequent oil spills as a result of tanker flushing and
tanker accidents. Both have become a subject of deep public concern since the loss of the "Torrey Canyon" in
1967. The prediction of the movement and behaviour of surface and sub-surface originated oil spills, by natural
physical processes, i.e. by currents and winds, has engaged meteoroiogists and oceanographers in a new area of
marine meteorological research and service. Theoretical studies of oil-spill movement as well as practical applications for a prediction service are being encouraged. The main emphasis is to be placed on wind effects on the
movement of surface drifting pollutants.
A complete scheme for such a prediction service might consist of the following elements:
1.

Prediction of wind speed and direction at the sea surface at specified time intervals for the forecast period.

2.

Analysis of the present state of the sea from synoptic observations of the motion (and other relevant
parameters) at different depths with a sufficiently dense network of observation stations.

3.

Numerical integration of the hydrodynamic equations of the ocean with the proper boundary conditions,
using the prognostic wind and pressure data to obtain the driving force at the sea surface. From this the
motion at different depths at specified time intervals throughout the forecast period could be obtained.

4.

Calculation of the trajectory for the pollutant over the forecast period, using a time step technique based
upon the computed total drift vector at each time interval.
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The success of such a scheme depends on various factors, such as the density of observational networks
at sea, frequency of observations, the telecommunication system for transmission of marine meteorological
data and availability of high-speed computers. These are the fields where future efforts should be directed to
improve the international system for marine meteorological forecasting services.
The availability of forecasts of the movement of oil slicks through combined efforts between meteorologists
and physical oceanographers will make the deployment of vessels to combat the oil slicks far more effective.
This is particularly important for the human environment since these activities are largely aimed at preventing
the oil slicks from spoiling beaches and other coastal amenities.

