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“That’s the effect of living backwards,” the Queen said kindly: “it al-
ways makes one a little giddy at first—”

“Living backwards!” Alice repeated in great astonishment. “I never
heard of such a thing!”

“—but there’s one great advantage in it, that one’s memory works

both ways.”
“I'm sure mine only works one way,” Alice remarked. “I ca’n’t remem-

ber things before they happen.”
“It’s a poor sort of memory that only works backwards,” the Queen re-
marked.
Lewis Carroll
“Through the Looking-Glass”
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Preface

Since 1961 the author, with his collaborators, has studied the problem
of changes in the global climate due to natural factors and man’s activi-
ties. The results of the studies were set forth in several publications, in-
cluding the monograph ‘‘Climatic Change,”” published in 1974. Since that
time, many new results have been obtained, which have not yet been tied
together and presented in a monograph. These results support the pre-
viously drawn conclusion that a drastic change in global climate toward
warming will occur during the next few decades if modern trends for gen-
erating energy continue. Whereas several years ago there were only a few
proponents of this idea, by now their number has greatly increased.

Conclusions about anthropogenic climatic change were also supported
in the final documents of several international scientific conferences held
in the late 1970s. This drew the attention of the World Meteorological Or-
ganization and other scientific organizations and government institutions
in different countries.

There is now a widespread belief that it may be possible to change the
global climate in the near future. Therefore, the author thought it appro-

ix



X Preface

priate to present a description of studies of the above problem in this
book, giving only a brief account of the questions discussed in the previ-
ous monograph, and focusing on the results obtained during the past few
years.

Leningrad, 1979

Some minor changes have been introduced into the English edition of
the book.
Leningrad, 1981



Chapter

Introduction

1.1 THE PROBLEM OF FUTURE CLIMATIC CONDITIONS
Man and climate

Climatic conditions have influenced man’s life and activities, beginning
with the first stages of his existence. Human evolution seems to have been
considerably affected by the Pliocene and Pleistocene climatic changes
that resulted from global cooling that was most intensive in high latitudes.
This caused an increase in the mean meridional air temperature gradient.
As a consequence, the system of atmospheric circulation changed, the
high pressure belts being moved to lower latitudes.

Due to insufficient precipitation within these belts, the moisture condi-
tions changed over vast tropical areas, leading to the replacement of tropi-
cal forests in several regions by savannas and semideserts.

There is reason to believe that before that climatic change, man’s an-
cestors inhabited tropical forests in Africa, their way of life being similar
to that of other higher primates. In open areas, where man’s ancestors

1



2 1. Introduction

could not seek shelter in trees, they had virtually no protection against
representatives of the numerous predators of the African savanna. In ad-
dition, the disappearance of many edible plants restricted their vegetable
diet. The ability to walk upright, which completely freed man’s hands,
and the more developed brain helped man’s ancestors to survive. The ex-
treme conditions of rigid natural selection seemed to lead to a faster rate
of evolution, particularly with regard to the nervous system and mental
ability.

Contemporary man emerged in the epoch of climatic changes caused by
the last Quaternary glaciation. Drastic changes in ecological conditions
seemed to sharpen the struggle for existence and to aid in the develop-
ment of the species Homo sapiens (see, for example, Gerasimov, 1970;
Budyko, 1977a).

Although primitive people settled only where there were suitable cli-
matic conditions, one should note their ability to protect themselves
against unfavorable weather conditions, even in the early stages of their
existence. In the Paleolithic age, man used fire not only for cooking but to
protect himself from the cold. With the advent of clothes and dwellings,
people could inhabit new territories with colder climates. As a result, tens
of thousands of years ago, man settled on all of the continents except Ant-
arctica. Nevertheless, in spite of the great technological progress of man-
kind, the density of population in different areas is still strongly depen-
dent on climatic conditions.

Currently, vast areas of polar deserts— Antarctica, central Greenland,
and others—have no permanent population. The population density is
very low in large areas of arid regions; the most arid zones are not popu-
lated at all. The density of population is also very low in the Arctic and
sub-Arctic, in many mountainous regions, and in a number of areas with a
predominance of swamps, etc.

Therefore, the greater part of the world population is concentrated in a
limited region where the climatic conditions are most favorable for human
life and activities. The size of this region is gradually increasing, but even
with the modern population explosion, the development of regions with
less favorable climatic conditions is comparatively slow.

It is known that the efficiency of man’s economic activities is greatly
affected by climate. The various forms of agriculture in different climatic
zones are essentially dependent on meteorological conditions. Agricul-
tural productivity within any zone can vary considerably because of dif-
ferences in the meteorological regimes in individual regions. Everywhere,
agricultural productivity fluctuates to a greater or lesser degree depending
on variations in weather and climate. Crop yield is particularly variable in
regions of unstable moistening. Variations in moistening regime in these
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regions significantly affect the global food balance because of their large
contribution to total crop production.

In the past few years, due to rapid growth of population, food produc-
tion in many countries has begun to lag behind the level necessary for an-
swering minimum needs. Under these conditions, any climatic fluctua-
tions that decrease yields can have serious consequences. Knowledge of
climatic changes is of great importance in agricultural planning because
the effectiveness of modern agrotechnology depends upon reliable infor-
mation on future meteorological regimes.

This information is also necessary for planning hydraulic-engineering
projects and heating systems within cold climate zones, and solving many
other problems of great economic importance.

Until recently, information on climates of the recent past has been suffi-
cient to answer questions on future climatic conditions. Now, due to rap-
idly increasing demands for more accurate information on the future cli-
mate from various sectors of the national economy, this method is quite
often inadequate.

Recent studies indicate that during the last decades, man’s activities
have begun to affect the global climate. The effects are mainly due to:

(1) increasing CO, concentration in the atmosphere,
(2) increasing production of energy for use by man, and
(3) changing aerosol concentration in the atmosphere.

The most important effect on climate can be attributed to the rise in
concentration of atmospheric CO, caused by the burning of ever-increas-
ing amounts of coal, oil, and other fossil fuels and by some other forms of
economic activity. Because CO, is almost transparent to shortwave solar
radiation and absorbs a large fraction of longwave radiation, it appears to
be one of the factors causing the greenhouse effect in the atmosphere, in-
creasing the temperature of the lower air layer. For this reason an in-
crease in the amount of CO, should lead to global warming.

The second influence on climate is associated with the fact that energy
consumption by various kinds of human activities results in an additional
heating of the atmosphere. The energy consumed by man is converted
into heat, the greater portion of which is an additional energy source caus-
ing an elevation of atmospheric temperature.

Among the significant contemporary sources of the energy man con-
sumes, only hydroenergy and the energy contained in wood and agricul-
tural products are part of the transformed energy of solar radiation an-
nually absorbed by the earth. The expenditure of these kinds of energy
does not change the earth’s heat budget and does not cause additional
heating. However, these kinds of energy are a small part of the total
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amount consumed by man. The energy obtained from the burning of coal,
oil, and natural gas, and nuclear energy are sources of heat that are not
related to the transformation of solar radiation energy in the present
epoch. With further growth in energy consumption, the heat produced by
man can constitute a considerable part of the energy of solar radiation that
is absorbed at the earth’s surface, causing warming.

Atmospheric aerosol, whose particles scatter and absorb short- and
longwave radiation, exerts a more complex effect on climatic conditions.
As the mass of atmospheric aerosol grows due to man’s activities, the ra-
diation regime of the atmosphere changes. In particular cases this can
bring about both cooling and warming.

Since global climate is affected by modern man’s activities, the problem
of studying climatic changes is one of the most important in atmospheric
science. This is true, not only because many economic activities depend
on climatic conditions, but also because global climatic changes influence
almost all the natural processes in the biosphere.

It is known that many natural processes that form the geographical en-
vironment are affected by man’s activities. This anthropogenic effect ap-
pears all over the world. In particular, flora and fauna on our planet have
been greatly changed. Many species of animals have been annihilated by
man; the populations of even more species have decreased sharply,
threatening them with extinction. Among these are almost all large land
animals, many species of marine animals, including marine mammals,
which have particularly suffered from man’s activities.

Land vegetation over a great part of the continents has undergone enor-
mous changes. Over vast areas, natural vegetation has been destroyed to
produce arable land. The remaining forests are mostly secondary, i.e.,
strongly modified by man’s impact as compared to natural vegetation.
Many steppe and savanna regions have been appreciably changed due to
intensive cattle pasturing.

The process of soil formation in several regions has been affected by
man’s impact on natural vegetation cover. This has resulted in changing
the physical and chemical properties of the soils. The arable land soils
have changed greatly due to systematic cultivation, fertilization, and the
removal of a considerable amount of plant biomass.

Man’s impact on the hydrological regime on land is rapidly increasing.
The runoff on not only small but many large rivers is essentially changed
because of its regulation by means of hydrotechnical constructions. A
considerable amount of the river runoff is removed to meet industrial and
domestic demands and to irrigate arable lands. Large artificial reservoirs
with areas comparable with those of large natural lakes drastically change
the regimes of evaporation and runoff over vast territories.
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It should be mentioned that the global change in the natural environ-
ment is generally the sum of local effects on natural processes. All these
changes have assumed planetary proportions, not because man has
changed natural global processes, but because the local (or regional) ef-
fects have spread over vast territories.

There is another situation in which man influences the global climate.
Anthropogenic climatic change has an effect on the regime of rivers and
lakes, vegetation and animals, soil, and other components of the natural
environment all over the planet, with the result that human activity has
become, for the first time, the main factor in the evolution of the bio-
sphere as a whole.

It is obvious that the far reaching consequences of this impact should be
studied.

The goal of the study

The practical significance of the question of future climatic conditions
depends on the scale of probable changes in climate and the time of their
occurrence. If these changes are sufficiently great and occur in the near
future, the problem of predicting expected climatic changes becomes ur-
gent.

This problem is important primarily because the economies of all coun-
tries depend heavily on contemporary climate. Noticeable climatic
changes will require enormous investments for adjusting the economy to
the new climatic conditions.

The period of time for which it is necessary to have information on cli-
matic changes seems to be comparable with the expected useful lifetime
of climate-dependent industrial and agricultural constructions. For the
most durable of these, this period is 50—100 years. The possibility of cli-
mate modification should be taken into account when planning such con-
struction.

There is another criterion for assessing the duration of the period over
which it is desirable to have information on possible climatic changes.
This is the time necessary to plan and implement some measures to con-
trol climatic changes and to adjust the economy for these changes. For
these steps to be carried out, many complex scientific and technical prob-
lems must be solved; therefore this time should be no less than several
decades. Thus it is desirable to have information on possible climatic
changes over the period of about 50 to 100 years.

The problem of predicting anthropogenic climatic changes differs con-
siderably from that of weather forecasting. In working out the latter, we
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need to analyze only the physical processes in the atmosphere and hy-
drosphere, while in studying the former, we must consider, in addition,
temporal variations in man’s activities.

In this connection, the problem of forecasting climatic changes counsists
of two major elements: the prediction of progress in some aspects of eco-
nomics (the growth of fuel consumption that increases CO, concentration
in the atmosphere, the expansion of energy production, etc.) and the cal-
culation of those climatic changes that would take place with correspond-
ing changes in economics.

This leads to two important characteristics of the forecasts indicated.
First, they will inevitably be conditional. Human activities are not inde-
pendent of man’s impact on climatic conditions. If an economic activity
might lead to largely unfavorable changes in the global climate, then the
character of the economic activity would probably change before these
variations occurred. Therefore, the goal of a climatologist is not to fore-
cast the real climate of the future, but to compute the parameters of such a
climate, taking into account several possible versions of economic
progress (‘‘scenarios’’). Considering the results obtained, it is possible
to optimize the long-term planning of the economy, taking measures
against unfavorable climatic changes. Hence, the prediction of possible
climatic changes is the basis for climatic control in the future.

The second characteristic of forecasting the future climate concerns its
potential accuracy. Since the quantitative forecasting of economic
progress for several decades is difficult for many reasons, the accuracy of
such a forecast cannot be high. Therefore, an approximate method, which
can correctly assess the sign and order of magnitude of possible climatic
changes, would seem to be sufficient when predicting the future climate.
These estimates are of practical significance because they make it possi-
ble to single out those versions of economic progress which may cause
large (i.e., most important for a national economy) climatic changes that
exceed probable calculation errors.

Since estimates of future climatic conditions should be used for long-
term economic planning, we must try to achieve the highest reliability.
However, it is difficult to obtain really reliable estimates of future cli-
mates, in particular because of the imperfection of the climatic theories
that are used to compute the various anthropogenic effects on climatic
conditions.

To overcome this difficulty, this study uses two independent methods
for forecasting the future climate.

One of these uses data on past climates. This method is based on the
study of the evolution of atmospheric chemical composition during the ge-
ological past. The results of this study are presented in Chapter 2. The
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second method consists in the utilization of a semiempirical theory of the
atmospheric thermal regime; the results are discussed in Chapter 3. The
results obtained by using this theory to explain the physical mechanism of
natural climatic changes occurring during the geological past and at pres-
ent are presented in Chapter 4. Good agreement between the calculated
results of natural climatic changes and empirical data indicates that the
theory given can be used for estimating future climatic conditions. The
impact of man’s economy on modern climate is evaluated in Chapter 5.
Conclusions about the future climate drawn from both of the above
methods are set forth in Chapter 6. These conclusions seem to be reliable;
there is good agreement between the results obtained by using both of the
methods.

1.2 THE ADVANCEMENT OF STUDIES
Causes of climatic change

To answer questions about future climatic conditions, it is of great im-
portance to determine the causes of natural climatic changes.

Although many investigators have been interested in this question, until
now there has been no generally accepted opinion on the physical mecha-
nism of climatic change for the modern epoch and the geological past. Be-
cause of the absence of an accurate climatic theory and the lack of special
observational data, the different hypotheses about the causes of climatic
changes were not widely accepted and they aroused many objections.
Considerable progress in this field has been made, particularly during the
last decade. As a result, we now understand the physical mechanisms of
climatic changes much better.

This brief review deals mainly with those previous studies of climatic
changes that have proved to be the most fruitful in developing the present
theories.

In a number of studies of the causes of climatic change, emphasis is
placed on the climatic effect of CO, concentration. Over a hundred years
ago Tyndall pointed out that atmospheric CO,, together with water vapor,
absorbed longwave radiation in the atmosphere. Variations in CO, con-
centration could result in climatic fluctuations (Tyndall, 1861).

Later Arrhenius (1896, 1903) and Chamberlin (1897, 1898, 1899) studied
the question of the climatic effect of atmospheric CO,. They supposed
that variations in CO, concentration could have caused the Quaternary
glaciations.

Arrhenius studied the absorption of radiation fluxes in the atmosphere.
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He suggested a numerical model for determining the temperature near the
earth’s surface, depending on properties of the atmosphere. Using this
model Arrhenius found that a 2.5- to 3-fold increase in CO, concentration
raises the air temperature by 8-9°C and a 38—45% decrease lowers the
temperature by 4-5°C.

Considering the materials of geological investigations, Arrhenius stated
that the mass of CO, in the present atmosphere is only a small fraction of
that which existed in the past, much of which was absorbed from the at-
mosphere by the formation of carbon-containing rocks. In this connec-
tion, Arrhenius concluded that the CO, concentration of the atmosphere
could vary over a wide range. These variations, he believed, exerted a
considerable influence on air temperature, sufficient for glaciations to
arise or to disappear.

The geological aspect of this problem was studied by Chamberlin. Con-
sidering the CO, balance, Chamberlin stated that the amount of CO, com-
ing from the lithosphere varied noticeably depending on the level of vol-
canic activity and other factors.

The expenditure of CO, in geological processes also changed appreci-
ably, in particular in accordance with the surface area of the rocks ex-
posed to atmospheric erosion. As the area increased, the expenditure of
CO, by weathering grew as well.

Chamberlin assumed that the glaciations resulted from the intensive
process of orogenesis and elevation of continents, which led to an in-
crease in the erosion basis and the surface area of weathered rocks and to
a decrease in atmospheric CO, concentration. To corroborate this as-
sumption, Chamberlin carried out some calculations that could not, how-
ever, be considered a complete guantitative model of the process.

It was later established that within the 13-17-um CO, radiation absorp-
tion band, an overlap occurs with part of the absorption band of H,0.
This decreases the influence of CO, concentration variations on the ther-
mal regime.

Considering this effect, Callender (1938) obtained smaller values than
those of Arrhenius for the temperature variations at the earth’s surface.
Using Callender’s data, a doubling of the CO, concentration increases the
air temperature by 1.5°, and the effects of variations of CO, concentration
on temperature decrease with increasing concentration.

Moller (1963) has studied the problem of the effect of CO, on the atmo-
spheric thermal regime. He determined that when air temperature varies,
the absolute humidity changes, whereas the relative humidity is more or
less constant. An increase in the absolute humidity as the temperature
rises increases the absorption of longwave radiation in the atmosphere,
further raising the temperature. Moller found that the temperature in-
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crease near the earth’s surface caused by doubling the CO, concentration
with constant absolute humidity is 1.5°, whereas with constant relative
humidity this value is several times larger. Moéller also mentioned that the
effect of CO, on the thermal regime could be compensated for by compar-
atively small variations in the absolute humidity or cloudiness.

Thorough investigation of the dependence of the air temperature on the
CO, concentration of the atmosphere was carried out by Manabe and
Wetherald (1967). In their work they noted the inaccuracy of calculations
by Moller, who estimated variations in the thermal regime of the atmo-
sphere using only data on the heat balance of the earth’s surface without
considering the atmospheric heat balance as a whole.

Manabe and Wetherald computed the vertical temperature distribution
in the atmosphere, taking into account the absorption of longwave radia-
tion by water vapor, carbon dioxide, and ozone. They used a vertical dis-
tribution of the relative humidity taken from empirical data. It was as-
sumed that the temperature distribution was determined by conditions of
local radiation balance if the lapse rate did not exceed 6.5° km™*. This
value was considered a maximum because of the limiting effect of convec-
tion on the growth of the vertical gradient.

Manabe and Wetherald disclosed that under average cloud conditions
with constant relative humidity, doubling the CO, concentration raised
the temperature at the earth’s surface by 2.4°. Reduction to half the pres-
ent CO, level lowered the air temperature by 2.3°.

In a later study, Manabe and Wetherald (1975) computed the CO, effect
on climate using a three-dimensional model of atmospheric general circu-
lation, taking into account water exchange, heat exchange in the atmo-
sphere, in the oceans, and on the continents (with idealized topography),
and the feedback between snow and ice cover and the atmospheric ther-
mal regime. They found that doubling the CO, concentration raises the
mean air temperature at the earth’s surface by 2.9°. Similar estimates
have been obtained in a number of recent studies that used various simpli-
fied models of climate theory.

The relationship between the atmospheric thermal regime and the level
of CO, concentration is of importance in understanding climatic changes.
The assumption of the author that a decrease in atmospheric CO, concen-
tration exerted an essential influence on climatic cooling in the late Ceno-
zoic era (Budyko, 1974) was supported by data on the evolution of the
atmospheric chemical composition in the Phanerozoic (Budyko, 1977a;
Budyko and Ronov, 1979). From these data, it was concluded that varia-
tions in the CO, concentration caused the lowering of the mean air tem-
perature that began in the late Mesozoic era and continued in the Ceno-
Zoic era.
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Studies of the climatic fluctuations that occurred in the Pleistocene did
not support the assumption by Arrhenius and Chamberlin of the depen-
dence of these fluctuations on variations in atmospheric chemical compo-
sition, although their basic idea, that the evolution of atmospheric chemi-
cal composition is important in climatic changes, was highly fruitful.

A French mathematician (Adhémar, 1842) was the first to elucidate the
causes of the Quaternary glaciations and to point out that changes in the
earth’s surface position relative to the sun could result in glacier advance.
This concept was elaborated by Kroll and others and was treated compre-
hensively by Milankovich (1920, 1930, 1941).

To explain climatic changes during the Quaternary period, Milankovich
used the calculated results of the secular change of three astronomical ele-
ments: the earth’s orbital eccentricity, the inclination of the earth’s axis to
the ecliptic plane, and the time of precession of the equinoxes due to the
precession of the earth’s axis of rotation (i.e., the moments during the
year when the sun crosses the celestial equator and the distance between
the sun and the earth is the shortest). All these elements vary with time
because of the effect of the moon and the other planets on the earth’s
movement: the period of change in the eccentricity is ~ 92,000 yr; in the
inclination of the axis, ~40,000 yr; and in the precession of the equi-
noxes, ~ 21,000 yr.

Although oscillations in these elements do not influence the amount of
solar radiation coming to the outer boundary of the atmosphere of the
earth as a whole, they do alter the total radiation received by various lati-
tudinal zones in different seasons of the year.

Milankovich worked out an approximate theory of radiation and the
thermal regime of the atmosphere, from which it followed that the surface
air temperature in the warm period of the year, at middle and high lati-
tudes, can vary by several degrees, depending on the relationships among
the above astronomical elements.

Such a variation usually coincided, to a greater or lesser degree, with a
temperature change of opposite sign in the cold season. However, as is
known from empirical investigations, the glaciation regime depends
mainly on the temperature of the warm season (when ice melts). The ther-
mal conditions of the cold season exert far less influence on ice cover.

By using the calculated results of the astronomical elements for the
Quaternary period, Milankovich assumed that the periods of temperature
decrease during the warm season in the zone where most glaciation devel-
oped (60°-70° latitude) corresponded to the glacial epochs, and the peri-
ods of temperature rise to the intervals between them.

Koppen was the first to compare Milankovich’s results and climatic
conditions during the Quaternary period. He found good agreement be-
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tween Milankovich’s conclusions and the history of Quaternary glacia-
tions (K6ppen and Wegener, 1924). Similar comparisons were carried out
by other authors but their conclusions proved to be contradictory. For
this reason, the question of the climatic effect of astronomical factors has
generated lively discussion.

To determine the causes of the Quaternary climatic changes, one can
use semiempirical theories of the atmospheric thermal regime (Budyko,
1968a; Sellers, 1969) by which it was possible to quantitatively take into
account the effect on the thermal regime of air-temperature—polar-ice
feedback.

During discussions of the question of the causes of the Quaternary gla-
ciations, several attempts were made to construct numerical models of
the development of glaciations which would make it possible to relate
changes in the area of polar ice cover to the changing position of the
earth’s surface in relation to the sun.

In a number of cases these attempts led to the conclusion that the influ-
ence of astronomical factors upon the development of glaciations was un-
important. This was due to the fact that the models used did not ade-
quately take into account the ice-cover—atmospheric-thermal-regime
feedback. When this feedback was considered, it was shown that changes
in the position of the earth’s surface in relation to the sun exerted an es-
sential influence on the development of the Quaternary glaciations (Bu-
dyko and Vasishcheva, 1971; Budyko, 1972; Berger, 1973). In these
works, semiempirical models were used for calculating the atmospheric
thermal regime. Later, a similar conclusion was obtained using more gen-
eral models of climate theory (Suarez and Held, 1976).

Of great importance for determining the causes of the Quaternary gla-
ciations was an empirical investigation which established a close agree-
ment between the intervals of decreasing total summer radiation at high
latitudes and an improved chronology of Quaternary glaciations (Hays et
al., 1976).

Studies of the atmospheric aerosol effect on climatic conditions are of
great importance for understanding the physical mechanism of present-
day climatic changes.

In the 18th century, Franklin was the first to assume that variations in
atmospheric transparency affect climate.

In the first half of the 20th century, Humphreys (1913, 1929) and others
advanced the hypothesis that volcanic eruptions contributed to present-
day climatic changes. Humphreys stated that clouds of small particles,
which he believed to consist of volcanic dust, appeared in the strato-
sphere after explosive volcanic eruptions. He estimated their effect on the
radiation regime and came to the conclusion that they could noticeably
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weaken the flux of shortwave radiation coming to the earth’s surface
while scarcely changing the longwave emission reflected into space.
Humphreys calculated that the amount of particles in the atmosphere of
the Northern Hemisphere after the Katmai eruption in 1912 was sufficient
to lower the mean surface air temperature by several degrees if the parti-
cles remained in the atmosphere over a fairly long period. Humphreys
found from observational data that the air temperature, averaged over
vast areas, actually decreased by several tenths of a degree after intense
volcanic eruptions. He believed that this comparatively small tempera-
ture change after eruptions could be due to a short residence time of vol-
canic dust particles in the atmosphere.

This idea was later corroborated and advanced by Wexler (1953, 1956)
who assumed that the smallest dust particles could remain in the strato-
sphere for several years after volcanic eruptions. Wexler thought that the
1920-1930 warming could be attributed to a gradual clearing from the at-
mosphere of the volcanic dust produced by several explosive eruptions in
the early 20th century.

Brooks (1950) attached much importance to the climatic effects of vol-
canism. Using data on volcanic rocks, he composed a table of the inten-
sity of volcanic activity from the beginning of the Paleozoic up to the pres-
ent time. Brooks believed that an increase in volcanism was one of the
factors causing the advance of continental glaciations.

Lamb’s paper (1970) is one of the recent studies devoted to investigat-
ing the climatic effect of volcanism. It presents information on all explo-
sive volcanic eruptions occurring after 1500 that considerably attenuated
atmospheric transparency for shortwave radiation. Lamb, as well as
Humphreys and Wexler, considered volcanic eruptions to be one of the
major factors in present-day climatic changes.

The secular variation of mean air temperature in the Northern Hemi-
sphere was calculated from data on solar radiation variations using a
semiempirical theory of the thermal regime. This calculation showed that
the main cause of contemporary natural climatic variations was a change
in the concentration of aerosol particles in the lower stratosphere (Bu-
dyko, 1969a). This conclusion was later drawn in a number of other stud-
ies (Pollack et al., 1975; Oliver, 1976; and others).

In this paragraph are stated the results of a study of the physical mecha-
nism of climatic changes, at present and during the last part of the Ceno-
zoic era when the shapes of the continents did not differ considerably
from their modern ones. In the remote past (discussed in Chapter 4) the
climate was to some degree influenced by variations in the structure of the
earth’s surface.

As seen from the brief review given here, the major causes of climatic
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changes during the last tens of millions of years and in the present epoch
have been to a considerable extent determined.

The question of the causes of natural climatic changes is of great impor-
tance for studying man’s impact upon climate. For this reason, Chapter 4
is devoted to a comprehensive consideration of these changes.

Anthropogenic changes of climate

Callender (1938) was the first to propose that an increase in atmospheric
CO, concentration due to modern man’s economic activities would result
in global warming. Although not all the conclusions of this study proved
to be correct, many of them were significantly ahead of the science of that
time.

Taking into account the amount of fossil fuel used in the preceding 50
years, Callender concluded that 75% of the CO, produced remained in the
atmosphere. Not only at that time but much later it was thought that al-
most all the CO, produced by man dissolved in the ocean.

Callender was also the first to evaluate the relationship between air
temperature and CO, mass variation, taking into account the influence of
water vapor on the atmospheric radiation regime. In this calculation he
obtained the effect of ‘‘saturation,’’ i.e., a decrease in the rate of change
of air temperature with an increase in the amount of CO,. Callender esti-
mated the value of the mean air temperature rise with doubling of the CO,
concentration by means of a rather simple computation. Although this
value seemed to be underestimated, it agrees well with several results ob-
tained in similar studies many years later that were based on fairly compli-
cated theoretical models.

It is worth noting that Callender tried to estimate the climatic change
caused by man-made CO, up to the year 2200. He believed that the burn-
ing of existing fossil fuel resources would lead to a tenfold increase in at-
mospheric CO, mass (this differs but slightly from some modern esti-
mates). Assuming the CO, production rate to be constant during the
period in question, Callender concluded that by 2200 the mean air tem-
perature would rise approximately 0.6°. This would result in an ~ 130-km
displacement of climatic zones to higher latitudes.

Although Callender did not take into account that the rate of tempera-
ture increase thus computed ought to be largely understated due to a rapid
increase in the annual fossil fuel consumption, his attempt to estimate fu-
ture climatic conditions by considering the effect of anthropogenic factors
is of considerable interest.

It should be noted that Callender compared the warming that occurred
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in the late 19th and early 20th centuries with the effect of CO, mass
growth on air temperature. He calculated the mean rate of warming from
data observed at a comparatively small number of stations and considered
the possible influence of a local temperature rise in cities on the results
obtained. The calculated value proved to be noticeably underestimated.
His conclusion that warming depends on CO, mass growth appeared to be
imperfectly substantiated.

It is interesting to study the comments of outstanding English meteorol-
ogists of that time (Simpson, Brent, Brooks, and others), published along
with Callender’s article. It seems that the participants in the discussion
did not fully understand the importance of the results obtained by Cal-
lender. This could be explained by the fact that Callender was not a mete-
orologist (he was engaged in the field of the technical sciences).

In the USSR the problem of anthropogenic changes in global climate
was first discussed at the scientific conferences held in 1961—1962 (see the
reviews Gal’tzov, 1961; Gal'tzov and Chaplygina, 1962; and the papers
Budyko, 1961, 1962a,b).

As seen from these, at that time data were obtained which enabled us to
state that with further progress in energetics the global climate would
change essentially in the near future. These works underlined a particular
significance, for climatic changes, of the stability of polar sea ice, because
its area is related by positive feedback to the air temperature in high lati-
tudes. Due to this feedback, a comparatively small initial temperature ele-
vation caused by man’s activities could lead to partial or complete melting
of polar sea ice, which ought to be accompanied by a drastic climatic
change in the high and mid-latitudes of the Northern Hemisphere. Since
1961 the USSR Hydrometeorological Service has been studying the
anthropogenic change in global climate and, in 1975, to broaden these in-
vestigations, the Department for Climatic Change Research was estab-
lished at the State Hydrological Institute. During the 1960—1970s in the
USSR, the problem of anthropogenic climatic change was discussed at
many scientific conferences held by the Hydrometeorological Service (at
present, Goskomgidromet—the USSR State Committee for Hydrome-
teorology and Control of Natural Environment) and the USSR Academy
of Sciences.

Since the prospect of changes in the global climate is of great impor-
tance for all countries of the world, international scientific cooperation
should play a considerable role in the study of this problem.

The first US—USSR conference devoted to this problem was held in
Los Angeles in 1966; at it the question of the stability of polar sea ice
under the conditions of anthropogenic climatic change received primary
emphasis (Proceedings of Symposium on the Arctic Heat Budget and At-
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mospheric Circulation, 1966). In the 1970s, several Soviet—American
symposia on anthropogenic climate change (Tashkent in 1976, Leningrad
in 1977, Dushanbe in 1978, Tbilisi in 1979) and palaeoclimatology (in the
USSR in 1976, in the USA in 1978) were held. Leading scholars in the
field of climate research from both countries took part in these symposia.

Since 1970, and particularly since 1975, interest in the question of possi-
ble anthropogenic climatic change has greatly increased in different coun-
tries. In the USA, in 1970, a conference on the problem of man’s impact
on the environment was held, with the results published as a monograph
(SCEP, 1970). One of the conclusions of the monograph was the follow-
ing: *“. . . we stress that the long-term potential consequences of CO, ef-
fects on the climate or of societal reaction to such threats are so serious
that much more must be learned about future trends of climate change.”

In this monograph it has been assumed that until the end of the 20th
century, the probability of an appreciable change in climate caused by ec-
onomic activity is low. Later the problem of anthropogenic climatic
change was discussed at the conference held in 1971 in Stockholm at
which the monograph ‘‘Inadvertent Climate Modification’” (SMIC, 1971)
was prepared. This monograph was mainly devoted to discussing the
physical mechanism of man’s impact on climate and to determining the
problems of further investigations in this field. Although this monograph
contained some new ideas (as compared with SCEP), there were no defi-
nite conclusions on the character of future anthropogenic changes of cli-
mate or the time of their occurrence. Both monographs cited the conclu-
sion drawn by Manabe (1970) that by 2000 the mean air temperature could
be 0.8° higher than in 1900, due to CO, mass growth. However, this result
has not been used for assessing future climatic conditions.

Manabe’s conclusion was not regarded as a climatic forecast because
the climate theories of that time were not believed to be sufficiently reli-
able to be used in calculating climatic changes. In particular, many inves-
tigators thought that even a small change in cloud cover due to temp-
erature variation could compensate for any anthropogenic climate
modification. Concurrent with this, it was widely held that a variation of a
few tenths of a degree in the mean planetary air temperature is of no great
practical importance.

The author held another viewpoiont. In a work (Budyko, 1972) pub-
lished soon after the monographs mentioned above, a semiempirical the-
ory of the atmospheric thermal regime was used to compute natural cli-
matic changes that occurred during the Quaternary period and the last 100
years. Since the results obtained agreed well with observational data, it
was concluded that the theory mentioned can be utilized to forecast
anthropogenic climatic changes. In this paper a graph was constructed
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showing probable temperature variation due to man’s impact for the next
100 years. It can be seen from this graph that until the year 2050 the cli-
mate will be mainly affected by an increase in atmospheric CO, mass,
contributing to a rise in the mean air temperature near the earth’s surface.
Afterward, the climate could be affected by an increase in the consump-
tion of energy that is not obtained by the transformation of solar energy
reaching the earth’s surface at present. This factor would accelerate the
process of warming.

Approximate computations made in this paper demonstrated that
warming could lead, in 2000, to the recession of the polar sea ice bound-
ary in the Arctic by 2° of latitute and, in 2050, to its complete melting, the
estimates of ice melting rate being seemingly underestimated. It was also
concluded that even a comparatively small warming would bring about an
increase in drought frequency in a number of regions on the continents, a
decrease in river runoff, and a fall in the levels of many lakes and interior
seas. To prevent the unfavorable consequences of a climatic change
toward warming, a method based on increasing the aerosol concentration
in the lower layers of the stratosphere was suggested as a means of in-
fluencing the atmospheric processes.

The conclusion of the paper was that, although it would be premature to
use its results for economic planning, they could be employed for as-
sessing the time available for obtaining more accurate information about
future trends of climatic conditions. It was stated that this time should not
exceed ten years, otherwise it would be difficult to prevent harmful ef-
fects of climatic changes upon the national economy.

The viewpoint that warming would develop in the near future was ex-
pressed when scientists believed that the mean air temperature was de-
creasing, dropping by 0.3° in the Northern Hemisphere for the period
from the late 1930s to the mid-1960s.

In the mid-1970s it was established that in the middie or late 1960s cool-
ing ceased and a warming process began. This increased the urgency of
studying the problem of the CO, effect on climate.

In 1976-1979 several conclusions about the possible consequences of
CO, mass growth were published (World Meteorological Organization,
1976, 1977) in which a considerable change in climatic conditions as a re-
sult of the burning of ever growing amounts of coal, oil, and other kinds of
fuel was considered possible. The introduction to the proceedings of the
conference on global chemical cycles and their alterations by man states:

According to most projections, the CO, concentration will increase by 30-40% over the
preindustrial level in 2000 and will approximately double by 2025. There is some controversy
as to the level which can be tolerated without serious climatic consequences, but it has been
suggested that a doubling or perhaps even a lesser increase of the CO, content of the atmo-
sphere may already lead to unacceptable climatic consequences (Stumm, 1977).
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In 1977 in the USA a commission of the National Academy of Sciences
issued the report ‘‘Energy and Climate.”” In this report the influence of
anthropogenic factors on climate (including aerosol, gas ejections, and
heat production) was discussed (National Academy of Sciences, 1977).

The introduction to the report begins:

Worldwide industrial civilization may face a major decision over the next few decades—
whether to continue reliance on fossil fuels as principal sources of energy or to invest the
research and engineering effort, and the capital that will make it possible to substitute other
energy sources for fossil fuels within the next 50 years. The second alternative presents
many difficulties, but the possible climatic consequences of reliance on fossil fuels for an-
other one or two centuries may be so severe as to leave no other choice.

As indicated in this report, the climate during subsequent centuries
should be mainly affected by the growth of CO, concentration in the at-
mosphere. This could lead to an increase of more than 6° in the mean air
temperature near the earth’s surface, with an increase several times
greater in high latitudes.

Variations in climate and atmospheric composition are of particular im-
portance for agriculture because they can result in an increase in the pho-
tosynthesis rate, transference of agroclimatic regions to higher latitudes,
shifts of the boundaries of arid zones, and other effects.

The authors, after indicating several possible ways of preventing
anthropogenic changes in climate, proposed that the most realistic
method for solving this problem is to reduce the consumption of fossil
fuels. The report of the National Academy of Sciences was widely dis-
cussed in the press. In a number of cases the authors made statements in
addition to the conclusions of the report. For example, the chairman of
the Commission on Energy and Climate said that we must end the use of
fossil fuels by 2050. He suggested that it would be necessary to spend
from 20 to 100 million dollars per year for the next 50 years to study this
problem (Revelle, 1977).

The question of future trends in anthropogenic climatic changes was
discussed in 1978 at the US- USSR Symposium on the CO, problem. The
concluding document of the symposium indicated the possibility of a con-
siderable change in global climate, due to CO, mass growth in the atmo-
sphere, that would essentially affect natural conditions and the economy.

The First World Conference on Climate was held by the World Mete-
orological Organization and other international institutions in Geneva in
1979. Among the participants in the conference were several Soviet spe-
cialists in the field of geography and geophysics: 1. P. Gerasimov, E. K.
Fedorov, Yu. A. Israel, and G. I. Marchuk. In his report, Fedorov (1979)
said:

Future climatic changes are inevitable. They would become apparent and probably irrevers-
ible during the near several decades. . . . In this connection it is evident that some strategy
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should be worked out, i.e. the system of beforehand planned actions which could help man-
kind to avoid negative consequences of expected climatic changes. . . . What are the main
elements of this strategy? The first and major is naturally the forecasting of climatic
change. . . . The second is the assessment of those consequences to which those or these
natural or man-made climate changes can lead. . . . The third is the working out of recom-
mendations on such actions which could help to avoid the negative consequences of climate
changes or to avoid the changes themselves.

Gerasimov (1979), Fedorov (1979), Israel (1979) and Marchuk (1979)
have substantiated major sections of the USSR climate research program,
which is aimed at assessing, in particular, present-day climatic changes
and to forecast their future tendencies.

The conference accepted a declaration that appealed to all the countries
of the world, stating, in particular, that the burning of fossil fuel, the de-
struction of forests, and soil cultivation have increased the CO, concen-
tration in the atmosphere by 15% over the past hundred years, an increase
that is continuing at present. Therefore, the development of a warming
trend, which would be most significant in middle and high latitudes, is ex-
pected. Since man-made climatic changes would be favorable in some re-
gions and unfavorable in others, complex social and technological prob-
lems of international significance emerge. To solve these problems,
unprecedented efforts are necessary to organize studies of the problems
of climatic changes and to create new forms of international cooperation.

In addition to the statements made at a number of scientific conferences
and by organizations, the views of many scientists concerning the ques-
tion of anthropogenic climatic change due to the growth of CO, concen-
tration have been recently published.

Broecker (1975) has pointed out that in the very near future, due to the
growth of CO, concentration, natural cooling would cease and the change
to a quickly developing global warming trend would result in considerable
modification of water exchange that would affect agriculture in different
countries.

A similar conclusion was drawn in an investigation by Bolin (1975). In
the conclusion of Bolin’s ‘‘Energy and Climate,”” he says:

. . But the very possibility that significant changes may take place within a time period of
less than 100 years, maybe within 50 years, is an exceedingly important fact. Within another
decade or two reality will most likely show how relevant these fears are. Even now due

regard to such possibilities must be paid when planning our future energy supply, above all
by retaining the utmost degree of flexibility.

A book prepared at Oak Ridge National Laboratory begins with the
words: ‘‘Most scientists viewing the accelerated burning of fossil fuels
now agree that excess CO, will warm the earth’s surface temperature sig-
nificantly’’ (Baes et al., 1976).

Flohn (1977b) in his report at the Dahlem Conference gave a forecast of
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probable climatic changes during the next hundred years due to CO, con-
centration growth in the atmosphere. In the introduction to the first issue
of a new international scientific journal, Climatic Change, Flohn (1977a)
also emphasized that the danger of large-scale climatic change could
occur before the economy has been prepared for this change. In this con-
nection he compared the climatologists of the present with Cassandra, the
heroine of a Greek myth. (A daughter of Priam, King of Troy, she was
endowed with the gift of prophecy but fated by Apolio never to be be-
lieved.) Everybody was sceptical of the danger that she predicted, which
resulted in the destruction of the city. At the end of his article Flohn said
‘It is our generation which bears responsibility for a global scale problem
facing our grandchildren—let us take care to match it.”’

At a meeting of a committee of the US Congress in May 1976,
S. Schneider said:

Professor Bolin has already said that by the year 2000 perhaps the climate could warm as
much as 1° Celsius. I have argued that that can be serious. We do not know whether it would
be through melting of the ice caps or not.

We also expect that the climate in high latitudes will respond much more strongly than
that of lower latitudes to such a warming, so a 1 degree global average increase in tempera-
ture might mean a 5 degree increase in the poles. What that does is change the equator-to-
pole temperature difference, which is the driving force behind the weather. That might
move, for example, the grain belt several hundred miles north.

Is this a global catastrophe? . . . If this occurs at a time when global margins (of food
production) are already extremely tight, the potential seriousness of that situation, to me,
deserves the word ‘‘catastrophe’” [Schneider (1976, p. 82)].

In addition to this, Schneider pointed out *‘. . . there will always be
someone who will argue that we do not know precisely what will happen
—and they will always be right, because science is not a certain game.
. . . The question is, how much proof is enough, and how much chance
do you want to take?’’ (Schneider, 1976).

Schneider also mentioned that the accuracy of calculating the future cli-
mate from the growth of CO, concentration would be greatly improved by
the end of our century, but by that time it could prove to be too late to
take the necessary measures for reconstructing energy schemes. Many in-
vestigators favored similar views (Landsberg, 1976, 1977; Olson et al.,
1978).

In 19761978, the U.S. Congress considered a bill to organize a study
of this problem. The attention of the Congress to this question is ex-
plained by the great importance of present-day climatic changes. This is
considered in a number of publications by American scientists, among
them the book ‘‘The Genesis Strategy’’ by Schneider and Mesirow (1976).
The title of the book is taken from the first part of the Bible (the Book of
Genesis) in which the story of Joseph is set forth. He foretold the coming
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of seven years of plentiful harvests and then seven years of famine and he
advised the Egyptian Pharaoh to lay away the plentiful harvests against
the years of scarcity. This book, which was written for the general reader,
offers a wealth of information about the complex workings of climatic
change and a minute examination of the relationships between climatic
change and problems in ecology, economics, and politics.

The law on the climatic program adopted in the United States in 1978
emphasizes the great importance of climatic changes in problems related
to food and energy production. The law states that it is necessary to im-
prove methods of forecasting climatic changes, the necessary prerequi-
sites being available for this. In accordance with this law, complex scien-
tific researches are being organized to work out methods for predicting
natural and man-made climatic changes that can be used for long-term ec-
onomic planning.

The number of scientific publications devoted to the problem of cli-
matic change is one of the criteria of increased attention to this problem.
Since the mid-1970s, the number of such publications per year has grown
considerably as compared with the 1960s. The publication of an interna-
tional scientific journal Climatic Change, edited by S. Schneider, has re-
cently begun.

Extended investigations of this problem in other countries started later
than in the USSR. Therefore, in many cases, the authors obtained results
similar to those obtained in the USSR. A number of aspects of research
on climatic changes have been studied extensively in the USSR. Among
them are the use of simplified theoretical models of climate in calculating
its changes, studies of the evolution of atmospheric chemical composi-
tion, and the utilization of palaeoclimatic data for estimating the future
climate. Some problems have been studied principally in other countries
(for example, the question of the CO, balance in the modern epoch).

Although speedy but not always well-organized development of re-
search on the problems of climatic change has frequently led to more or
less considerable disagreement in solving individual questions, an ever-
growing correlation is observed in the principal conclusions drawn about
present-day climatic changes by leading specialists of different countries.
Among these is the conclusion that a large global climatic change will
occur if we continue our present reliance on an energy program based on
the burning of fossil fuels.

The first maps have recently been constructed of the climate that will
exist as as result of an appreciable CO, concentration growth. They are
based both on calculations using climatic theories and on palaeoclimatic
data, similar results being obtained with the use of these two independent
methods for estimating the future climate.
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The available information on future climate is comprehensively dis-
cussed in Chapter 6. This information supports the conclusion that the
conditions of the future climate should be drastically different from those
of the contemporary climate. All the components of the natural environ-
ment and man’s economic activity will be greatly affected by anthropo-
genic changes in global climate. Therefore, the question of future climatic
change is the most urgent problem of contemporary atmospheric science.



Chapter

2

Evolution
of the Atmosphere

2.1 THE ATMOSPHERE
General information

The earth’s atmosphere consists mainly of nitrogen and oxygen, which
in dry air make up 78 and 21% of the volume, respectively. Of the minor
constant atmospheric constituents, carbon dioxide and ozone consider-
ably influence the physical state of the atmosphere and biological pro-
cesses.

The atmosphere also contains water vapor, the quantity of which varies
over a wide range. It is generally present in concentrations of 0.1-1.0%
and occasionally reaches as much as a few percent of the atmospheric vol-
ume. The mean water vapor content is about 2.4 g cm™2.

The relative amounts of nitrogen, oxygen, and carbon dioxide vary
little with altitude in the troposphere and the lower stratosphere. The
water vapor concentration, in contrast, decreases rapidly from the earth’s
surface to the upper boundary of the troposphere. Stratospheric water
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vapor concentration is low and relatively independent of height. The rela-
tive amount of ozone in the troposphere is not high and it reaches a maxi-
mum in the lower stratosphere where it is formed by a photochemical
reaction depending on solar ultraviolet radiation.

The total mass of the atmosphere is ~5.3 x 10*! g (i.e., less than 107% of
the earth’s mass). The atmospheric pressure at sea level is ~ 1033 g cm~!.

Atmospheric density and pressure decrease with altitude. Pressure de-
creases to half its surface value at a height of about 5 km.

The troposphere, the lowest layer of the atmosphere, extends up to 8-
10 km in polar regions and 16—18 km in the tropics. In the troposphere,
the air temperature generally decreases with height at an average rate of
6° km™!. The stratosphere extends above the troposphere. The tempera-
ture in the stratosphere increases up to a height of about 50 km. More
than two-thirds of the atmosphere’s mass is concentrated in the tropo-
sphere.

Physical processes in the troposphere determine weather fluctuations
and have a basic influence on the climatic conditions of our planet. These
processes include absorption of solar radiation, formation of longwave ra-
diation flux (which varies little in the higher atmospheric layers), the gen-
eral circulation of the atmosphere, and the hydrological cycle involved in
the formation of clouds and the initiation of precipitation.

Since the atmosphere is more or less transparent to shortwave radia-
tion, most of the solar flux that the earth absorbs is received at the earth’s
surface, which appears to be the main source of heat for the atmosphere.
Heat energy is transferred from the earth’s surface to the atmosphere by
longwave radiation and turbulent heat exchange. The heat consumed by
evaporation from land and from water reservoirs is also released into the
atmosphere in the process of condensation of the water vapor.

Because the earth is a sphere, most of the solar energy is absorbed in
the low latitudes. The surface air temperature in this belt is generally
higher than in the middle and high latitudes. The temperature difference
appears to be the main source of energy for atmospheric and oceanic cir-
culation. Atmospheric circulation is an intricate system of horizontal and
vertical motions of the air. In the stratosphere, vertical motions are gen-
erally weak in contrast to the troposphere, where they are quite signifi-
cant. The general circulation of the atmosphere and the oceans ensures
that a considerable amount of heat will be transferred from low to high
and middle latitudes, leading to a decrease in the meridional gradient of
the air temperature.

Heating of the earth’s surface by solar energy results in upward air
fluxes that cause cloud formation and precipitation when the atmospheric
air becomes saturated.
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Evaporation from the ocean surface appears to supply most of the
water vapor to the atmosphere. In addition, the atmosphere over the con-
tinents receives water vapor by evaporation from the land surface. This
local evaporation is negligible in areas with low precipitation.

Of some importance in weather and climate are processes occurring in
the stratosphere that are associated in particular with the dissipation and
absorption of radiation fluxes by liquid and solid particles of atmospheric
aerosols. These particles—ranging from ~ 10 A to ~ 10 um—can be ob-
served both in the troposphere and in the upper layers of the atmosphere.
Weathering of the earth’s surface and evaporation of sea-water droplets
are the major sources of the atmospheric aerosols. Aerosols are also
added to the atmosphere when solid particles are ejected by volcanic
eruptions and they are formed from the sulfurous gas that is released into
the atmosphere during volcanic eruptions and other natural processes.
Some of the aerosols enter the upper atmosphere from outer space. In ad-
dition to the natural aerosol sources, many aerosol particles are of anthro-
pogenic origin, resulting from industrial effluents, soil erosion, forest
fires, and other sources. Aerosol concentration decreases rapidly with al-
titude but it may increase in certain layers (acrosol layers).

The atmosphere profoundly affects biological processes on land and in
the water. The atmospheric constituents most important in biological pro-
cesses are the oxygen consumed by respiration of organisms and mineral-
ization of organic matter, the carbon dioxide used in the photosynthesis of
autotrophic plants, and the ozone that absorbs some of the potentially
harmful ultraviolet radiation of the sun. No complex living things can
exist on the planet without the atmosphere. The moon, which has no at-
mosphere and no life, presents a fine example of this.

The evolution of the atmosphere is closely related to geological and
geochemical processes as well as to the activity of living organisms.

Numerous theories exist that deal with the initial chemical composition
of the atmosphere but they are difficuit to verify using the available data.
It is possible that water vapor, carbon dioxide, and nitrogen entered the
primitive atmosphere from the depths of the earth’s crust mainly through
volcanic eruptions during the early stages of the earth’s history.

A comparatively high concentration of CQO, in the ancient atmosphere
probably had a great effect on the climate, even if the total atmospheric
mass was far less than it is presently. This factor intensified the green-
house effect and perhaps compensated for the reduced heat income from
the sun, producing relatively high air temperatures (see Chapter 4).

Since the evolution of the autotrophic plants (probably about 3 billion
years ago), O, started accumulating in the atmosphere, first at a slow rate,
then more rapidly after vegetation cover developed on the continents in
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the Palaeozoic. Fluctuations in atmospheric composition and changes in
its mass resulted from irregular volcanic activity in the geological past.
This question is thoroughly considered below.

The atmosphere has also greatly influenced the evolution of the litho-
sphere because it was a powerful factor in the physical weathering that
formed the surface of the continents during the entire history of the litho-
sphere. Atmospheric precipitation and winds carrying fine fragments of
rocks long distances contributed to this process. Temperature fluctua-
tions and other atmospheric factors were also important in rock weath-
ering. Chemical weathering, particularly the effects of atmospheric O,
and water on the rocks, was even more important in the evolution of the
lithosphere.

The evolution of the atmosphere largely determined the hydrosphere’s
development, since the water balance of the reservoirs depends directly
on the precipitation and evaporation regimes. On the other hand, the at-
mospheric processes were under the influence of the state of the hydro-
sphere, particularly that of the ocean. Generally, the development of the
atmosphere and the hydrosphere was an integrated process.

Atmospheric factors predestined to a great extent the evolution of liv-
ing organisms. More or less complex organisms could emerge after the O,
content of the atmosphere was high enough for the development of the
aerobic processes that supplied the necessary energy income for these or-
ganisms.

The evolution of autotrophic plants was closely related to the atmo-
spheric CO, content. Changes in CO, concentration influenced the struc-
ture of the vegetation cover and hence all the organisms whose vital activ-
ity was associated with autotrophic plants.

Contemporary climate

Climatic conditions reflect the physical state of the atmosphere in dif-
ferent areas of the globe. This state underwent dramatic changes in the
past and is still varying,

The climatic conditions of the last century have been determined by the
instrumental meteorological observations carried out by the world net-
work of climatic stations that was formed in the second half of the nine-
teenth century.

The observational data have shown that the elements of the meteoro-
logical regime vary noticeably with time. In addition to their periodic fluc-
tuations (diurnal or annual variation), there are nonperiodic fluctuations
within different time scales. For short periods (of the order of days or
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Table 2.1
Air Temperature and Precipitation

Latitude

(degrees north) 90-80 80-70 70-60 60-50 50-40 40--30 30-20 20-10 10-0
January

temperature

Q) -31 =25 -2 -10 -1 11 19 25 27
July temperature

0 -1 2 12 14 20 26 28 28 27
Precipitation

{(cm yr 1) 19 26 52 80 75 77 73 114 201

Latitude

(degrees south) 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90
January

temperature

(°C) 27 26 25 20 12 5 0 -8 —13
July

temperature

°C) 26 24 18 14 8 1 —12 =30 —42

Precipitation
(cm yr™1) 150 122 91 103 108 101 67 25 11

months), nonperiodic variations in the meteorological regime correspond
to weather fluctuations. These inhomogeneous spatial variations are
mainly the result of instability in the atmospheric circulation.

In addition to irregular fluctuations in the elements of the meteorologi-
cal regime, long-term variations frequently reveal themselves (for periods
as long as a few years and more). They are of the same nature over vast
areas and reflect climatic changes.

Since contemporary climatic fluctuations are relatively small, one can
use mean values of the meteorological elements over a period of several
decades to describe the present climate. Such averaging makes it possible
to eliminate the effect of the instability of the atmospheric circulation on
the elements of the meteorological regime.

We present here a brief synopsis of the contemporary climate, empha-
sizing two meteorological elements: the air temperature near the earth’s
surface and the total precipitation. Table 2.1 shows data on the mean lati-
tudinal temperature for January and July as well as the annual mean latitu-
dinal atmospheric precipitation reaching the earth’s surface. The table
shows that the average latitudinal air temperature near the earth’s surface
varies from a maximum near the equator to a minimum near the South
Pole, the difference being almost 70°.

The origin of the variations in the mean latitudinal temperature is con-
sidered in detail in the next chapter. As mentioned above, temperature
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distribution is affected to a large extent by the spherical shape of the
earth, which is responsible for the latitudinal change of the total radiation
incident on the top of the atmosphere.

In the high latitudes where the air temperature rarely rises above the
melting point permanent ice cover exists almost all the year round. Most
of the Arctic ice cover consists of relatively thin sea ice; the Antarctic ice
cover includes a thick continental glaciation covering nearly all of the
Antarctic continent.

The polar sea ice of the Northern Hemisphere resembles a huge lens,
which reaches a mean thickness of 3—4 m in the center, gradually dimin-
ishing toward the edges. In the Southern Hemisphere the sea ice has the
shape of a broad ring encircling the Antarctic continent. The ice thickness
there decreases with distance from the pole. Since sea ice consists of a
great many separate ice fields, it is constantly moving under the influence
of atmospheric and oceanic currents, resulting in glacial marginal
changes.

Sea ice increases in extent during the cold seasons and diminishes in
summer and in early fall. Ice cover, which has a high albedo, exerts a
strong influence on climate. It lowers the air temperature in high latitudes,
thereby increasing the meridional temperature gradiént.

The mean air temperature near the earth’s surface also varies consider-
ably with longitude, primarily in accordance with the location of the conti-
nents and oceans.

The ocean heat regime affects a great portion of the continental sur-
faces, where a marine type of climate, with a relatively small annual am-
plitude in the air temperature, can be observed. In some extratropical
areas of the continents, the effects of the oceanic thermal regime seem to
be less noticeable. Here, the annual temperature amplitudes are high, cor-
responding to the conditions of a continental climate.

The distribution of the mean latitudinal precipitation reveals a major
maximum in the equatorial belt, a rainfall decrease in the subtropics, two
secondary maxima in the mid-latitudes, and a decrease in precipitation
with increasing latitude in the polar areas.

Variations in the average latitudinal precipitation depend on the distri-
bution of the mean air temperatures and especially on atmospheric circu-
lation.

If other conditions remain the same, including relative humidity, the
total rainfall will increase as the temperature rises because the amount of
water vapor that can be used in the process of condensation also in-
creases. If precipitation were completely independent of other factors,
the mean latitudinal distribution would result in a single maximum at low
latitudes.
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An important factor in the initiation of rainfall is a vertical air velocity
regime that affects the process of water vapor condensation, resulting in
the formation of clouds and precipitation.

The general atmospheric circulation is closely related to the geographi-
cal distribution of stable pressure zones, the most important being the
equatorial belt of low pressure, the high-pressure zone in tropical and sub-
tropical latitudes, and the mid-latitudinal belt of frequent cyclonic forma-
tions.

Because downward air motions dominate in the high-pressure zone, the
precipitation decreases considerably, producing two minima in the curve
of latitudinal rainfall distribution. In the equatorial latitudes and in a few
mid-latitudinal areas a high intensity of upward air motion increases the
amount of precipitation.

The largest deserts of the world are situated in the high-pressure sub-
tropical zone, where precipitation is negligible. The total rainfall also de-
creases in the interior continental areas in middle latitudes. In these re-
gions, air currents carry little water vapor from the ocean, making relative
humidity lower and water vapor condensation less intensive.

Therefore, the continental-humid climate covers mostly equatorial lati-
tudes and marine climate areas in high and mid-latitudes, whereas low hu-
midity conditions prevail in the high-tropical and subtropical latitudes as
well as in the continental climate zone.

Climate has a profound effect on the geographical environment. Cli-
mate determines the water regime on land, defined mainly by river runoff,
which is equal to the difference between precipitation and evaporation
from the surface of the rivers’ basins under average annual conditions.
Evaporation depends largely on precipitation, radiation income, and ther-
mal conditions, and to a lesser degree on the earth’s surface structure.
The influence of these climatic factors on river runoff is apparently domi-
nating.

There is a high correlation between climatic conditions and the physical
regime of the ocean. If the regime of ocean currents depends on wind,
radiation, and thermal conditions over the ocean surface, then heat trans-
fer by the ocean currents, in turn, is an essential climate-forming factor.
In zones of warm and cold sea currents, which in some cases cover large
areas, climatic conditions are drastically different.

Natural vegetation cover on land is profoundly dependent on climatic
conditions. Thermal and radiation regimes, as well as moisture condi-
tions, are the most vital of the meteorological factors that determine the
development of plants. The relation between the animal world on land and
climatic factors can be either direct (since there are climatic zones favor-
able for the existence of every species of animal) or determined by an ani-
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mal’s dependence on the natural vegetation, which is influenced by cli-
matic factors.

Climatic parameters such as the radiation balance of the earth’s sur-
face, the thermal regime, and the total precipitation determine the loca-
tion of geographic zones that reflect regularities of distribution of natural
vegetation cover, the animal world, and soils, as well as river water re-
gimes, the intensity of surface geomorphological processes, etc.

As a result of the essential dependence of various natural processes on
climatic conditions, the natural environment all over the world usually
varies with global climatic change.

2.2 THE CARBON CYCLE
Carbon dioxide

Carbon dioxide (CQ,) is a colorless gas which turns into a solid resem-
bling snow (Dry Ice) at a temperature of —78.5°C.

The present atmosphere contains a relatively small amount of CO,
(2.3 x 108 g or 0.033% of the air volume). About 130 x 10*® g of CO, are
dissolved in the oceans and other water reservoirs, roughly amounting to
0.01% of the hydrosphere’s mass. Carbon dioxide is exchanged contin-
ually between the atmosphere and the hydrosphere by means of molecu-
lar and turbulent diffusion.

Measurements of the atmospheric CO, concentration have shown small
variations in different geographical areas. The concentration also varies
slightly with altitude in the troposphere and the lower stratosphere. A rel-
atively constant CO, concentration in the atmosphere (as compared to
that of water vapor) is explained by the smaller relative variability of CO,
sources and sinks over the earth’s surface. From observational data it
follows that the CO, concentration increases slightly near the equator and
decreases by ~0.005% in high latitudes. This occurs because CO, is more
soluble in the cold ocean water of high latitudes than in warm tropical
waters. As a consequence of this, the high-latitude atmosphere is lacking
the portion of CO, that has dissolved in the ocean. The excess CO, is
transferred by cold, deep currents to low latitudes, where it enters the at-
mosphere. This mechanism accounts for approximately 2 x 10'® g yr=! of
the CO, flux between the equator and the North Pole (Bolin and Keeling,
1963).

In addition to the CO, cycle between the atmosphere and the ocean,
there is exchange of CO, among the atmosphere—hydrosphere system,
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living organisms, and the lithosphere. This circulation is one of the major
mechanisms that maintain life on our planet.

A relatively small atmospheric and hydrospheric mass of CO, is of vital
importance for living organisms. We know that CO, is assimilated by au-
totrophic plants through photosynthesis. The overwhelming majority of
plants and amimals exist by using energy that results from the activity of
photoautotrophic plants.

In some cases CO, can also affect the animal world directly. Although
the usual atmospheric concentration of CO, is harmless to aerobic ani-
mals, an increase of the concentration to a few percent or more can lead
to the poisoning of many aerobic organisms. In particular, the mass
deaths of animals in some areas of volcanic activity have confirmed this
fact. Poisoning occurs when the release of an abundance of CO, from the
depths of the lithosphere coincides with weak air circulation, hindering
the dissipation CO,. Carbon dioxide is less poisonous for soil aerobic ani-
mals, which generally exist in an atmosphere with high CO, concentra-
tions.

It was mentioned in Chapter 1 that in addition to its great importance
for living organisms, CO, affects the climate profoundly. These questions
are addressed in the next chapters of the book.

Photosynthesis and oxidation of organic matter

Atmospheric CO, is removed from and released into the atmosphere
through a few natural processes. A considerable amount of CO, dissolves
annually in ocean waters and returns to the atmosphere from the oceans.
This CO, cycle introduces little change in the total quantity of CQO, in the
atmosphere, since the CO, input is almost equal to its output.

An important component of atmospheric CO, consumption appears to
be its assimilation by green plants through photosynthesis. The total pho-
tosynthetic reaction may be written in simplified form as

C02 + H20 = CHzO + 02

This means that CO, consumption by synthesis of organic material is ac-
companied by a release of O,.

In the course of photosynthesis, land plants use mostly CO, from the
atmosphere and a much smaller amount of CO, from the soil air. Aquatic
plants absorb the CO, dissolved in the hydrosphere. A considerable part
of the organic matter produced by photosynthesis is used in the course of
a plant’s respiration and released by the atrophy of its individual parts.
This leads to the restoration of the CO, used in the process of photosyn-
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thesis. As a result of the expenditure of a part of the organic matter, the
productivity of autotrophic plants and consequently the total CO, con-
sumption generally makes up half or two-thirds of the CO, used in photo-
synthesis.

Some investigators have tried to evaluate the total productivity of auto-
trophic plants in different geographical areas. The observational data
show that productivity essentially varies according to the nature of the
vegetation as well as the climatic and other external factors. With mount-
ing observations, it was possible to draw maps of mean annual productiv-
ity (Lieth, 1964—1965; Rodin and Bazilevich, 1965).

Efimova (1977) constructed a map of world plant productivity on the
continents based on an empirical relationship of productivity with precipi-
tation and the radiation balance of the earth’s surface. An evaluation from
this study of the productivity of natural vegetation for the different conti-
nents is shown in Table 2.2.

It has been established that the highest productivity of terrestrial plants
occurs under the conditions of a humid, warm climate, while in cold, high-
latitude zones and in the driest areas of deserts productivity approaches
zero. In the ocean the greatest amount of organic matter is produced by
plankton at a depth of up to hundreds of meters. Lack of essential mineral
compounds in ocean water often strongly limits the productivity of plants
in the open sea. Because of this, productivity in shallow reservoirs and in
inshore regions is generally higher than that in the open sea.

According to Bogorov (1969), the total productivity in the ocean
amounts to approximately 55 x 10% g yr!, corresponding to 0.015 g
cm~2 yr~t. Thus, productivity in the ocean as a whole, and particularly
per unit of its surface, is appreciably less than that on land.

Table 2.2
Productivity of Natural Vegetation Cover

Productivity
(dry organic matter)
Continent (X 10-1)g g/cm™2
Europe 8.9 0.085
Asia 383 0.098
Africa 31.0 0.103
North America 18.1 0.082
South America 37.2 0.209
Australia
(including Oceania) 7.6 0.086

All land 141.1 0.095
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From these data it follows that the annual productivity for the entire
globe is about 200 x 10 g yr=! or 0.04 g cm™2 yr-'. At such a level of
productivity, organic matter uses about 300 x 10'® g of CO, annually, i.e.,
over 10% of the atmospheric CO, content. Nearly all of this mass of CO,
returns to the atmosphere and the hydrosphere by the oxidation of organ-
isms and their waste products.

The rate of the photosynthetic cycle of atmospheric CO, depends
largely on plant productivity on the continents. Considering this, one can
find from the above data that the CO, cycle in the atmosphere is about
10 yr.

It is worth noting that a certain portion of organic carbon returns to the
atmosphere as methane (CH,) and carbon monoxide (CO) through the ox-
idation of organisms and their waste products. Methane is produced
mainly in marsh and swamp areas, in flooded rice fields and, perhaps, in
the ocean. Once in the atmosphere, CH, is oxidized and converted into
CO. In addition to this source, a relatively small amount of CO is formed
directly by decomposition of organic material and by fuel combustion.
Carbon monoxide, in turn, is oxidized and transformed into CO,. The
available estimates have shown that the amount of CO, that is produced
from CO is approximately 2 X 10> g yr—' (Garrels et al., 1975).

Photosynthetic activity and oxidation of organic matter are particularly
important in spatial temporal variations of CO,.

Observations of the CO, distribution above a plant canopy have re-
vealed a considerable CO, decrease in the lower air layer, especially near
the top of the plant cover, if intensive photosynthesis occurs. Photosyn-
thesis is also often responsible for a perceptible diurnal variation of the
CO, concentration above the canopy, where the concentration reaches its
minimum during the day, when photosynthesis is most intensive. While
diurnal CQ, fluctuations occur for the most part in the air layer near the
earth’s surface, annual fluctuations extend to a considerable height and
spread over vast areas. Observations carried out at Mauna Loa (Hawaii)
and at other stations have shown that the CO, concentration decreases by
a few percent in the months with the most intensive photosynthesis as
compared to its values in the seasons when photosynthesis is decreased.

The total mass of living organic matter that is maintained through the
photosynthetic activity of green plants is only approximately known. Ani-
mal biomass is a small fraction of the total mass of living things, which
consists mostly of plants, with trees a major portion. Because of this, the
world biomass is determined largely by the expanse of forests on the con-
tinents.

According to estimates by Kovda (1969), the total biomass on the conti-
nents is roughly 3 x 10'® g. The carbon content in terrestrial plants as es-
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timated by Kester and Pytkowicz (1977) amounts to 0.83 x 10'% g, corre-
sponding to about 2 X 10'® g of dry organic matter. This estimate agrees
reasonably well with that adopted by Kovda. If we consider that the land-
plant biomass differs little from the global biomass, we find that the car-
bon cycle in living organisms lasts on the average 10-15 yr, approaching
the mean cycle in the atmosphere.

A considerable amount of carbon is contained in products of organic
decay on the continents, where the carbon mass in the detritus amounts to
approximately 1.1 X 10" g (Kester and Pytkowicz, 1977). We can see
that the atmospheric carbon mass is comparable to that in living organ-
isms and the products of their decomposition on the continents.

It is important to emphasize that the carbon cycle that results from the
creation of organic material by plants and its oxidation is almost com-
pletely closed. Of the total amount of organic carbon assimilated annually
by the plant, only a very small portion goes into the lithosphere and leaves
this cycle.

Carbon exchange between the lithosphere and the atmosphere

In the sedimentary layers of the earth’s crust there is a considerable
amount of carbon, corresponding to 245 X 10?' g of CO,. Organic carbon
represents about one fifth of this mass, amounting to ~12.5 x 10?! g, of
which 9.2 x 10%! g is contained in the continental crust (Ronov and Yaro-
shevsky, 1976).

There are two hypotheses relating to the formation of carbon com-
pounds in sediments. The first is concerned with gradual release from the
atmosphere, which contained a large quantity of CO,. The second sug-
gests that the source of carbon should be CO, entering the atmosphere by
a continuous outgassing of the upper mantle as a result of its heating dur-
ing the decay of long-lived radioactive isotopes.

Enough proof exists to adopt the second of these hypotheses. For ex-
ample, Ronov has emphasized that if the ancient atmosphere contained
enough carbon to form the sediments, the CO, pressure in the atmosphere
would have been very high. Under these conditions the natural environ-
ment on the earth’s surface would have been similar to that of Venus and
this is at variance with the available data on the geological past of the
earth (Ronov, 1976).

Outgassing of the upper mantle is probably associated with thermal
convection. As a result, the degassing rate varied considerably in the
past. Gas ejection from the depths of the hithosphere by volcanic erup-
tions seems to be the most noticeable emission of gases into the atmo-
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sphere. In addition to volcanic ejections, many gases undoubtedly enter
the atmosphere by other means such as hot springs.

Free CO, from the atmosphere and the hydrosphere returns to the litho-
sphere in different ways. The greatest mass of carbon enters the litho-
sphere as a result of organic carbon deposition and formation of carbon
rocks.

In order to estimate the rate at which CQ, enters the lithosphere we can
use Ronov’s geochemical data (1976). Since little data exist on sediment
formation in the Quaternary period, a CQO, assimilation rate that corre-
sponds closely to contemporary conditions can be obtained by using data
on the last part of the Tertiary, the Pliocene.

We can conclude from Ronov’s data that during the Pliocene the mean
rate of organic carbon deposition was 0.014 x 10?' g per million years.
This corresponds to about 0.05 x 10?' g (10° yr)~! of CO, consumption.
Considering this estimate and using the above data on photosynthetic pro-
ductivity, we can evaluate how much of the organic matter produced by
green plants enters the lithosphere. This portion appears to be very small,
only ~0.02%.

From the data on CO, absorption rate we can learn how long it takes
atmospheric CO, to be used up by the formation of sediments. This time
appears to be approximately 30,000 yr.

In addition to the atmospheric CO, fixed in long-lived sedimentary
rocks, a large amount of CO, is absorbed on the continents by reactions
with rocks. Garrels and Mackenzie (1971) believe that this amount is
0.7 x 10¥ g yr ! and they emphasize the point that in the long run, this
CO, will return to the atmospheric system as a result of reactions occur-
ring in the ocean or in the deposited sediments. According to their evalua-
tion, the atmospheric carbon cycle connected with the indicated process
lasts about 3000 yr.

The above-mentioned estimate of organic carbon fixing can be used to
compute the total rate of free O, release resulting from the activity of
green plants. This release appears to be ~0.04 x 10" g yr='. The O, that
enters the atmosphere is consumed by various atmospheric and litho-
spheric processes such as weathering of minerals and oxidation of gases
ejected by volcanic eruptions.

From these concepts concerning the gas exchange between the atmo-
sphere and the lithosphere, it is clear that the total rate of atmospheric
CO, consumption, which depends on its concentration, is not directly de-
termined by the rate of CO, release into the atmosphere. In this connec-
tion the CO, cycle in the atmosphere-lithosphere system is not closed
and consequently the amount of CO, in the atmosphere can increase or
decrease over a given period of time. We can draw a similar conclusion
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concerning atmospheric O, . This question is considered in more detail in
the next subsection.

Atmospheric CO, thus takes part in two cycles, the first associated with
the activity of the autotrophic plants and the second dependent on the gas
exchange between the lithosphere and the atmosphere.

Although the first of these cycles has a far faster rate than the second, it
affects the atmospheric CO, balance in a minor way because of the com-
paratively rapid oxidation of nearly all of the organic material produced
by green plants. Despite a short period for replenishment of the CO, in the
atmosphere by means of photosynthesis (of the order of 10 yr), the
amount of atmospheric CO, changes relatively slowly. The rate of CO,
consumption by organic carbon fixation in sedimentary rocks corre-
sponds to a far longer period in the atmospheric CO, cycle—tens of thou-
sands of years. Since the carbon cycle is not closed in the lithosphere—
atmosphere system, gas exchange between the lithosphere and the
atmosphere can cause large variations in the CO, mass over intervals that
appear to be long in terms of human activity but are very short in the geo-
logical history of the earth.

2.3 VARIATIONS IN THE CHEMICAL COMPOSITION
OF THE ATMOSPHERE

Geological time scale

In considering the question of variations in the chemical composition of
the atmosphere in the geological past, it is necessary to use data on the
earth’s history that are related to the geochronological scale presented in
Table 2.3. This scale is based on investigations of the earth’s crust reveal-
ing sequential variations in the nature of the lithosphere, flora, and fauna.
To use this table some knowledge of the relationships of various periods
of the earth’s history to variations in living nature is essential.

Data on fossil organisms become scarcer the more remote the period.
Although the Archeozoic and the Proterozoic were much longer than the
Phanerozoic (which includes the Paleozoic, Mesozoic, and Cenozoic
eras), the data available on Precambrian organisms is scanty compared to
that on Phanerozoic organisms.

The photoautotrophic plants are supposed to have evolved about 3
billion years ago. Traces of Precambrian plants and animals are extremely
scarce because of the absence of hard tissues or possibly because of the
almost complete disintegration of the remains of such ancient organisms
in the process of rock metamorphism.
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Table 2.3
Geochronologic Time Scale

Duration Absolute age

(millions (millions
Era Period Epoch of years) of years}
Cenozoic Quaternary Holocene ) 5
Pleistocene
Tertiary Pliocene } Neogene
Miocene
Oligocene
Eocene } Palaeogene 64 66
Paleocene
Mesozoic Cretaceous 66 132
Jurassic 53 185
Triassic 50 235
Paleozoic Permian 45 280
Carboniferous 65 345
Devonian 55 400
Silurian 35 435
Ordovician S5 490
Cambrian 80 570
Proterozoic
Archeozoic

Data on the existence of organisms in the Archeozoic are mostly in-
direct. For example, the Archean carbonaceous sediments could have
resulted from the activity of bacteria and algae absorbing mineral matter
from ocean waters. Discoveries have been made of traces of Proterozoic
marine organisms such as blue-green algae or diverse species of animals
including upper Proterozoic multicellular organisms—coelenterata.

Numerous water-dwelling animals existed in the Cambrian period,
comprising a great many species of trilobites, brachiopoda, archaeo-
cyatha, crustacea, various molluscs, medusas, and others. The Cambrian
vegetation included many kinds of algae.

More species of invertebrates appeared in the Ordovician and Silurian
periods. In addition to trilobites, numerous arthropods evolved, including
ancient crabs and scorpions. Some of the arthropods were the first inhabi-
tants of the land. At the same time the first vertebrates—primitive ag-
nathous fish-—evolved. In the Ordovician and Silurian land vegetation de-
veloped, including various Psilophytineae.

Great changes in flora and fauna were characteristic of the Devonian
period. At that time Crossopterygians emerged, then Amphibians origi-
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nated from them. At the end of the Devonian the first insects developed.
In addition to new groups of animals, new plants appeared. Instead of the
ancient Psilophytineae, the Equisetaceae, Felicales, and Gymnospermae
evolved. These flora grew vigorously in the Carboniferous period when
forests spread widely; later their remains formed the coal deposits. A
great variety of land insects developed during this period, some of which
were gigantic. In the late Carboniferous the first reptiles appeared.

Gymnospermae (cycadicae and gingkoinae) are characteristic of the
Permian and were widely distributed at the end of this period. At the same
time amphibians thrived and reptiles advanced rapidly.

At the threshold of the Mesozoic era the organic world changed consid-
erably. Many species of marine invertebrates, trilobites included, became
extinct and others grew rare.

The Triassic marked a period of exuberant growth of reptiles, which ex-
tended throughout the entire Mesozoic era. Tortoises, dinosaurs, and ma-
rine reptiles such as ichthyosauri and plesiosauri appeared in the Triassic.
The first primitive mammals evolved toward the culmination of that pe-
riod.

In the Jurassic period gigantic amphibians became extinct and a large
number of giant reptiles emerged, including various dinosaurs. During
this period flying reptiles, pterodactyls, flourished. At the same time the
first birds (archeopteryx), which strongly resembled the reptiles, also
evolved. During this period and in the subsequent Cretaceous period
there were some mammals but they were not notable representatives of
the then existing fauna.

In the Cretaceous period snakes appeared as well as new species of di-
nosaurs and large flying reptiles.

During most of the Mesozoic era coniferous plants and ferns prevailed
on the continents. In the mid-Cretaceous the first angiospermous plants
sprang up. These spread rapidly over the continents forming forests of
oak, poplar, beech, palm, etc.

The beginning of the Cenozoic era is a turning point in the history of the
organic world. The overwhelming majority of reptiles became extinct in
the late Cretaceous, including land dinosaurs and marine reptiles (ich-
thyosauri and plesiosauri) as well as flying reptiles. Of the numerous
Mesozoic reptiles, only crocodiles, turtles, lizards, and snakes survived
as part of the fauna of the Cenozoic.

Placentalia, which appeared in the Cretaceous, advanced rapidly in the
early Tertiary period. Soon mammals occupied the ecological niches va-
cated by the vanished reptiles. Many mammals grew to enormous propor-
tions. Some groups settled in the ocean while others acquired the ability
to fly. In addition to mammals, birds were widely distributed during the
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Cenozoic. They also occupied some of the ecological niches inhabited
earlier by reptiles.

Throughout the entire Cenozoic era relatively small changes occurred
in vegetation. With climatic changes, however, zones of different kinds of
vegetation moved over long distances, particularly in the Quaternary pe-
riod.

The late Cenozoic was marked by the appearance of Homo sapiens. Al-
though primates related to man had existed even in the Paleocene, they
progressed relatively slowly for a long time. In the lower Oligocene the
first anthropoid apes developed and in the Pliocene there appeared Aus-
tralopithecus, akin to man, followed by primitive human beings. Modern
man appeared 35 to 40 thousand years ago in the epoch of the last glacia-
tion; his activity was vital in the evolution of the biosphere.

Oxygen and carbon dioxide balances

As mentioned above, O, and CO, are involved in the biotic cycle, which
includes the interaction of these gases with living matter and its waste
products. Oxygen in the biological cycle is produced by photosynthesis of
autotrophic plants and consumed in the oxidation of organic material. Ac-
cording to the data given above, the annual production of dry organic mat-
ter via photosynthesis appears to be ~2 x 10'7 g, of which about § is pro-
duced by continental vegetation cover and about 7 is produced in the
ocean (Efimova, 1977; Bogorov, 1969). This process produces 2 x 107 g
of O, annually.

Nearly the entire mass of O, originating from green plants is assimilated
by the mineralization of organic material. The difference between O, pro-
duction and consumption in the biotic cycle corresponds to the amount of
organic carbon which accumulates in sedimentary rocks.

The relatively small differences between production and consumption
of O, in the biotic cycle were very important in the evolution of the atmo-
sphere. Variations in the atmospheric O, mass over a given period corre-
spond to the difference between production (which is determined by the
total input and output in the biotic cycle as well as by photodissociation of
water vapor in the atmosphere) and consumption (mainly by oxidation of
various minerals and gases from the earth’s crust).

Undoubtedly one of the most important features of the atmospheric O,
balance in Phanerozoic times was the dominance of O, production over
consumption as a result of autotrophic plant activity. The problem of how
O, from the dissociation of water vapor by ultraviolet radiation affects
this balance is far more complicated.
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Opinions on quantitative estimates of photodissociation have basic dif-
ferences. For instance, Berkner and Marshall (1965a, 1966) contend that,
without photosynthesis, the amount of O, produced by water vapor pho-
todissociation could not exceed 0.1% of the modern value. To obtain this
estimate it was taken into consideration that a very small quantity of O,
will absorb the most intense portion of ultraviolet radiation. As a result, a
screening effect of O, makes it impossible for a considerable mass of it to
accumulate.

There are also a number of sources (Byutner, 1961; Brinkman, 1969)
with higher estimates for the water vapor photodissociation effect, com-
parable to the results for photosynthesis.

Table 2.4
Continental Sediments

Mass (g/million yr) x 10~

Absolute age Igneous CO, total in Organic carbon
Geological period (millions of years) rocks sedimentary rocks  in sediments

Lower Cambrian 0.36 0.45 0.009
Middle Cambrian 490-570 0.18 0.32 0.005
Upper Cambrian 0.14 0.32 0.003
Ordovician 435-490 0.33 0.27 0.009
Silurian 400-435 0.19 0.22 0.005
Lower Devonian 0.62 0.24 0.003
Middle Devonian 345400 1.43 0.66 0.018
Upper Devonian 1.76 0.68 0.024
Lower Carboniferous 1.02 0.70 0.022
Middle and Upper 280-345 0.27 0.30 0.010
Carboniferous
Lower Permian 0.95 0.61 0.009
Upper Permian 235-280 0.35 0.23 0.005
Lower Triassic 0.32 0.18 0.004
Middle Triassic 185-235 1.10 0.34 0.004
Upper Triassic 0.85 0.28 0.009
Lower Jurassic 0.33 0.31 0.016
Middle Jurassic 132185 0.38 0.39 0.033
Upper Jurassic 0.31 0.40 0.028
Lower Cretaceous 66—132 0.67 0.32 0.023
Upper Cretaceous 0.65 0.44 0.018
Paleocene 0.31 0.20 0.012
Eocene 0.37 0.31 0.020
Oligocene 2-66 0.17 0.08 0.017
Miocene 0.35 0.18 0.019

Pliocene 0.32 0.09 0.014
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Most authors of contemporary surveys (Rutten, 1971; Garrels and
Mackenzie, 1971; Cloud, 1974) are convinced that only very small con-
centrations of atmospheric O, can be maintained by photodissociation,
since biological and geological processes in the epoch preceding the ap-
pearance of autotrophic plants reveal an almost complete absence of O, in
the ancient atmosphere. From this standpoint, photosynthesis seems to
be the basic source of atmospheric O, during the Phanerozoic.

Information on O, production in the course of the biotic cycle during
different periods can be obtained from the data concerning organic carbon
in sedimentary rocks.

Carbon dioxide generally enters the atmosphere and the hydrosphere
from the earth’s interior through volcanic eruptions. In the course of this
process both CO, and CO are ejected, the latter being converted into CO,
by interaction with atmospheric O,. In addition to its being fixed in or-
ganic carbon sediments, CO, is vitally important in carbonate formations
and the weathering of different minerals.

Our estimation of free atmospheric and hydrospheric CO, consumption
during various periods can be based on the total CO, mass in sedimentary
rocks of different ages.

The data necessary for studying atmospheric evolution in Phanerozoic
time have been obtained in Ronov’s investigations of sedimentary and ig-
neous rocks on the continents (Ronov, 1959, 1964, 1976). These data are
shown in Table 2.4. It has been revised to some extent as compared to
previous publications.

Composition of the atmosphere in Phanerozoic time

This section will give results obtained in the study of the evolution of
the atmospheric chemical composition in the Phanerozoic that were car-
ried out by the authors, Ronov and Yanshin (Budyko, 1977; Budyko and
Ronov, 1979). According to Table 2.4, Phanerozoic sediments contained
7.3 X 10*' g of organic carbon, which corresponded to the formation of
19 x 10°' g of O,.

Since the indicated data cover only the continental surface, the actual
emission of O, during Phanerozoic time exceeded our estimates because
of photosynthesis occurring in the ocean. The difference, however, is be-
lieved to be relatively small. As mentioned previously, the total photosyn-
thesis in water reservoirs in the modern epoch is considerably less than
that on the continents. The available data show that the organic carbon
mass in oceanic sediments over the last 150 million years is far less than
that on the continents (Ronov, 1976).
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Since the highest rate of assimilation in the hydrosphere generally
occurs in shallow reservoirs within the continental areas, the data on con-
tinental organic carbon sediments is believed to roughly reflect the dy-
namics of O, production on a global scale during the Phanerozoic.

Since the present atmosphere contains 1.2 X 10°! g of O, we recognize
that more than 90% of the total O, production in the Phanerozoic was
used in the oxidation of mineral compounds.

The variation of atmospheric oxygen with time, dM/dt is determined by
the equation

dM/dt = A — B, Q2.1

where A and B are O, production and consumption rates. The O, produc-
tion rate A for different periods of time can be calculated from the data on
organic carbon in sediments.

To estimate O, consumption B by oxidation of mineral matter, we
should bear in mind that the rate was not constant but was dependent on
the atmospheric O, mass, tending to zero when there was no O, in the
atmosphere and increasing with the expansion of the O, mass. Taking this
into account we can assume B = aM, where « is a proportionality coeffi-
cient.

Assuming that M = M, at ¢t = 0, we find from (2.1)

M = (A/a) = (M, — (A/a))e . 2.2)

We can estimate O, variations during the Phanerozoic by proceeding
from Eq. (2.2) and the data on organic carbon presented in Table 2.4. In
this estimation, by assuming a certain amount of O, in the early Cam-
brian, it is possible to calculate variations during the Lower Cambrian. In
the subsequent calculation the value obtained for the end of the Lower
Cambrian is assumed to be the initial O, amount in the Middle Cambrian,
etc. Thus all necessary values of the parameter M, are obtained by the
calculations, except the first one, for the early Phanerozoic.

It can be shown that the initial O, amount assumed has only a slight
effect on the calculated results. For example, if we assume the O, amount
at the beginning of the Cambrian to be either zero or the modern value,
i.e., the two extreme assumptions, the results practically coincide for all
the subsequent periods since the Ordovician.

Taking this into consideration, we assume that during the Lower Cam-
brian dM/dr was considerably less than the O, production in the biotic
cycle. Therefore, throughout this interval, M = A/a.

To calculate O, variations it is necessary to determine «. We suppose
that this parameter varied with time, increasing in the epochs of active
volcanism and orogenesis. Since it is difficult to take these variations into
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account, we confine ourselves to a mean value of « that can be obtained
by different methods based on the available empirical data. For instance,
ais 3.1 x 1078 yr-tif the O, mass obtained for the end of the Phanerozoic
is equal to its present-day value, known from direct observations.

This method for determining the O, mass includes a hypothesis that the
above data on organic carbon deposition approach their global values. To
see whether the results are dependent on that kind of supposition, we can
carry out a similar computation considering the data on sediments for
each time interval to be proportional to a global value but representing
only a small portion of it. In this case, the rate of O, variation will be low
compared to its production or consumption rate and the O, mass M’ ap-
pears to be proportional to the organic carbon mass for the appropriate
period.

To define variations in atmospheric CO,, we assume, by analogy with
the computation carried out for O,, that they depend on the total CO,
being fixed in sedimentary rocks. We assume also that this value ap-
proaches zero when the atmospheric CO, concentration is negligible and
increases with its rise. Hence it is natural to suppose that the carbon mass
in sediments over a unit time interval is roughly proportional to the atmo-
spheric CO, concentration.

In this case the proportionality factor can be found by comparison of
the present-day CO, concentration and the amount of CO, in sediments in
the late Quaternary period, the latter obtained by extrapolation of the
variations during the Tertiary period from the data in Table 2.4.

Calculated variations in O, and CO, during the Phanerozoic are pre-
sented in Fig. 2.1. The curves M and M’ correspond to O, fluctuations
calculated by the previous two methods. We can see that the curves are
rather similar, which shows that our assumption concerning the global
character of the data used has an insignificant effect on the calculation re-
sults.

It is seen from the figure that the amount of atmospheric O, in the early
Phanerozoic represents about % of its present amount. Throughout the
Phanerozoic the O, mass was increasing but the process was uneven.

The O, mass increased abruptly for the first time in the Devonian and
Carboniferous periods, when it reached its present-day level. At the end
of the Paleozoic the O, mass decreased and in the Triassic it approached
the level of the first part of the Paleozoic. In the mid-Mesozoic a second
sharp rise in O, concentration took place. Afterwards it gradually de-
creased.

It is worth noting that the increase in O, in the Devonian and the Car-
boniferous was accompanied by the expansion of continental vegetation
cover. A considerable decrease in O, in the Permian and most of the



2.3 Variations in the Chemical Composition of the Atmosphere 43

2
0,x 107 ()

ir
~
[
[ AN
) [ N

2+ M { \

! \ ! \ "‘ A
I \ ] \ ! (V] \
| M : N —

1+ 1 \\ / 9

I
\ Tl /
\‘ ! . !
~_ v \\.\-I/

0 : 27
€0,(%) 1xé1)_l
0.4 — (g 107yr ")

| LS
0.3 \‘ ,\\ €0z d0
\ ~ 1 :
021- g A F/ }./_\
N 7 \ \ \ 1] — 0.5
0.1 \\~ o~ N/ \NL S 4 L
0 L L .
500 400 300 200 100 0 (millions

N i e e N ot S e i, ! e ! e, ! ey e s e e, of years)

Cambrian
Ordovician
Silurian
Devonian
Carboniferous
Permian
Triassic
Jurassic
Cretaceous
Cenozoic

Fig. 2.1 Evolution of the chemical composition of the atmosphere.

Triassic is possibly linked to the arid conditions spreading over the conti-
nents at that time.

A high O, content in the atmosphere of the second half of the Mesozoic
and the Cenozoic corresponded to an increase in autotrophic plant pro-
ductivity due to the expansion of their evolving forms. A trend toward a
slight decrease in O, since the Cretaceous period obviously reflected the
effect of reduced CO, on vegetative productivity.

The curve corresponding to CO, fluctuations shows that its concentra-
tion varied within a range of 0.1 to 0.4% during most of the Phanerozoic.
In the late Mesozoic the CO, concentration started to decrease gradually.
The process was uneven, repeatedly giving rise to temporary increases.
The last decrease in CO, concentration took place in the Pliocene. As a
result, the present concentration has reached an unprecedented low level,
which is several times lower than the Phanerozoic mean concentration.

To clarify the causes of fluctuations in atmospheric CO, content, we
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should study data on igneous rock formation per unit time interval. These
data are presented in Fig. 2.1 in the form of the curve v. Since variations
in igneous rock mass are considered to correspond to volcanic activity
fluctuations, we conclude that great changes in volcanicity took place dur-
ing Phanerozoic time. As shown in Fig. 2.1, volcanic activity varied
rhythmically, its highest peaks occurring approximately every 100 million
years.

According to Tikhonov et al. (1969), who studied the theory of convec-
tion in the lithosphere, this process is characterized by rhythmical up-
heavals of heated substances to the earth’s surface at intervals of about
100 million years. It is noteworthy that this conclusion has been con-
firmed by the empirical data presented in Fig. 2.1.

Comparison of the curves v and CO, shows that fluctuations in
volcanicity undoubtedly influenced the CO, content of the atmosphere.
The highest peaks of volcanic activity were accompanied by increases in
CO,. It is interesting to note that comparatively small fluctuations in vol-
canicity during the Cenozoic also affected CO, content. A decreasing
tendency of volcanic activity that prevailed since the mid-Cretaceous and
corresponded to a decrease in CO, was of great importance in the evolu-
tion of the atmosphere in the late Phanerozoic.

In spite of the indicated common features of the variations in igneous
rock formation and CO, content, there are certain differences between
them. This is probably explained by some inaccuracy in the data used in
the calculations but mainly by the fact that the mass of igneous rocks is
only an indirect indicator of CO, entering the atmosphere from the earth’s
crust.

We can compare our data on the evolution of the composition of the
atmosphere during the Phanerozoic with some concepts concerning the
nature of this development, which have been presented in a few modern
studies. It should be borne in mind that these suppositions are based on
indirect considerations that have not been substantiated by quantitative
calculations.

Surveys of atmospheric evolution are generally based on the previously
cited works of Berkner and Marshall, who supposed that in the early
Phanerozoic O, content was 1% of its contemporary value, in the Devo-
nian period it rose to 10%, and in the Carboniferous it reached a maximum
of 2-3 times its present-day value.

It is worth noting a hypothesis relating to O, variations in the post-Car-
boniferous period presented by Berkner and Marshall (1965b). A diagram
in this paper shows that after the O, concentration reached its maximum
in the Carboniferous, it decreased in the Permian to a small fraction of the
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modern concentration. Then the O, mass started increasing and in the
Mesozoic it approached the present-day level.

If we compare this supposition with our results we shall see that in both
cases the data agree reasonably well in a qualitative way. As for the quan-
titative estimates of O, fluctuations, those of Berkner and Marshall appear
to be greatly overestimated. It should also be mentioned that the quantity
of O, assumed in their work for the beginning of Phanerozoic time is
strongly underestimated (by a factor of ~30). This error is easily ex-
plained since Berkner and Marshall made their estimates with the as-
sumption that there were no multicellular organisms in the Precambrian
period. From their point of view, this fact accounted for the prevalence in
the atmosphere of anaerobic processes that proceed with a small quantity
of O,. As shown by present-day studies, a variety of multicellular or-
ganisms existed in the late Proterozoic. This invalidates the assumption of
Berkner and Marshall.

In recent years some authors (Rutten, 1971; Cloud, 1974) using the data
of Berkner and Marshall have not assumed that the early Phanerozoic was
marked by such a small O, concentration, although their estimates of this
concentration are also too low.

The article on the origin of the atmosphere by Cloud ¢1974) in the Ency-
clopaedia Brittannica has emphasized that great O, mass changes un-
doubtedly took place during Phanerozoic time but their nature is still un-
known.

An opinion on atmospheric CO, fluctuations expressed long ago states
that CO, concentration was gradually decreasing during Phanerozoic
time. Some authors overestimated the range of CO, mass variations be-
cause they considered CO, one of the main air constituents in the early
Phanerozoic. More correct estimates of CO, fluctuations were presented
by Rutten (1971), who believed that the CO, concentration in the Phan-
erozoic was never more than 10 times the modern level. This supposition
agrees well with the results of our study.

We should like to mention here Garrels’ concept of the evolution of at-
mospheric CO,, which is most fully set forth in his Russian paper (Gar-
rels, 1975). In this work he emphasizes that in the Phanerozoic the lowest
CO, concentration was at least 3 of the contemporary value because auto-
trophic plants could not exist with lower levels of CO,. Though the upper
limit of CO, partial pressure is difficult to determine, it probably did not
exceed 0.1 atm. In this connection Garrels refers to many other authors
who believe that the upper limit of CO, concentration exceeded the pres-
ent-day one by no more than a factor of 100.

Further, Garrels holds that the possible range of atmospheric CO,
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variation was not so wide. He thinks that the rate of CO, release into the
atmosphere changed by no more than 9 times and that CO, fluctuations
were dependent on variations in organic matter deposited as a result of
photosynthetic fluctuations that corresponded to those of CO,. Assuming
that the photosynthetic rate was proportional to CO, concentration, and
considering the lower limit of the latter to be 0.01%, Garrels comes to the
conclusion that during the Phanerozoic the atmospheric CO, content var-
ied within a range of 0.01 to 0.09%.

This conclusion is similar to the above statement that CO, concentra-
tion changed by approximately 10 times at this period. However, accord-
ing to Garrels, the lower and upper limits of these variations are about 3 of
our estimates.

This difference can be easily explained since Garrels’ estimates of the
lower CO, limit correspond to conditions of complete or almost complete
interruption of autotrophic plant activity although no data imply that such
a situation occurred in the past. Moreover, such a concentration could not
have existed during the last few hundred million years, because if it had, a
drastic ecological disaster would have taken place, traces of which would
have remained in the geological annals.

Results of our calculations of CO, concentration in the past proved to
be in good agreement with Garrels’ inferences if the value of the lower
level of CO, concentration is assumed to be, not 0.01%, but 0.03%, i.e.,
the contemporary value.

As to the relationships between atmospheric CO, and O, evolution, an
opinion was expressed in a number of papers that atmospheric CO, de-
creases with an increase in O, and increases with its decrease in the atmo-
sphere {(Ronov, 1959; Sochava and Glikman, 1973). The results obtained
here show that in some cases this supposition does not hold true.

Quantitative calculations of the chemical composition of the atmo-
sphere for the entire history of the earth have been made recently by Hart
(1978), whose work is discussed in more detail in Chapters 4 and 6. Hart
has not used empirical data on the composition of sediments in his calcu-
lations of O, and CO, variations. As a result, some of his conclusions ap-
pear to be unrealistic. For instance, assuming that in the Phanerozoic car-
bonates were not produced at the expense of the degassing of the
lithosphere, Hart arrives at the conclusion that the atmospheric CO, con-
centration did not vary at that time. Since most of the carbonates were
actually formed from gases ejected by the lithosphere in the Phanerozoic,
this conclusion can not be considered correct.

In summarizing the discussion of variations in the chemical composi-
tion of the atmosphere during the Phanerozoic, we should mention certain
factors that limit the accuracy of the above data on O, and CO, con-
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centrations in the ancient atmosphere. For instance, the available data
on the mass of carbon in sediments are incomplete. However, we
believe that in the future this kind of computation will be based on more
complete information, covering not only the continents but the oceans
as well.

The estimation of CO, content in the geological past is very important
in the study of climatic changes. We think that the above data on CO,
variations as a rough approximation, reflect the actual evolution of the
composition of the atmosphere. This supposition is based on a few inde-
pendent grounds. In the first place, the highest CO, concentrations ob-
tained by our calculations occurred mostly during the epochs of highest
volcanicity. Secondly, the results given below on climatic change caused
by CO, fluctuations agree reasonably well with the empirical data on cli-
matic conditions in the past that are presented in Chapter 4. Thirdly, the
mean CQO, concentrations obtained for the Phanerozoic seem to approach
the optimum concentration for photosynthesis. This confirms the idea
that autotrophic plants adapted to the chemical composition of an atmo-
sphere that was richer in CO, than the present one. Fourthly, a range of
CO, variations obtained by calculation agrees well with earlier supposi-
tions, from the regularities of sediment formation, as to how that concen-

tration could vary.

Effects of variations in atmospheric composition on living nature

From the aforementioned data we can see that the Phanerozoic CO,
concentration in the atmosphere varied by a factor of ~ 10 and that of O,
by a factor of 4.

Considering the results of physiological investigations, we believe that
even if CO, fluctuations did not exert a permanent effect on the vital activ-
ity of animals, they were of great importance for the photosynthetic pro-
cesses of autotrophic plants.

It has been established in laboratories and field investigations (Rabino-
vich, 1951) that the modern CO, content of the atmosphere is only about
one-tenth of that necessary to reach the highest productivity of photosyn-
thesis in many autotrophic plants. In this connection, as mentioned
above, there was proposed long ago a theory that the basic groups of auto-
trophic plants appeared in the epoch with a higher concentration of CO, in
the atmosphere. This supposition was entirely confirmed by the data of
this study, leading to the conclusion that for almost the entire Phanero-
zoic the concentration of atmospheric CO, was considerably higher than
it is today. On the other hand, it never reached the level of a few percent,
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when the productivity of photosynthesis of many plants starts to de-
crease. Apparently a reduction in the quantity of CO, in the late Tertiary
vitally influenced living nature. This question is treated later.

We believe that fluctuations in O, , unlike those of CQO,, affect animals
more than plants. We should mention here that the role of O, variations in
the evolution of animals during the Phanerozoic has been discussed in a
number of papers (for example, MacAlester, 1970; Schopf et al., 1971;
Sochava and Glikman, 1973). It was difficult to study this problem in the
past, for relatively reliable data on variations in O, during Phanerozoic
time were not available.

It should be kept in mind that an increase in O, was favorable for ani-
mals of the following groups, other things being equal.

(1) Animals that expend much energy on movement. This includes
land animals compared with water-dwelling ones (for which the influence
of gravity is relatively small) and flying animals compared with land and
water-dwelling species. Large animals expend comparatively more en-
ergy on movement than small ones, other things being equal. Considering
land animals, we can say that more energy is expended by animals with a
higher position of the center of gravity (for example, bipeds compared
with quadrupeds).

(2) Large, and especially gigantic, animals. The level of metabolism
per unit weight of animals having other features in common diminishes, as
a rule, with increase in their size, which resuits in difficulty in providing
the internal organs of large animals with O,.

(3) Animals with heat regulation compared with poikilothermal forms,
because the former have a higher level of metabolism.

We should mention that the emergence of vertebrates on the land in the
Devonian and the broad expansion of many species of amphibians and
reptiles in the Carboniferous period took place in the epoch of sharp in-
crease in O,. In the Carboniferous, flying insects were broadly distrib-
uted; it is noteworthy that there were some gigantic forms among them.

The decrease in the amount of O, that was especially noticeable in the
Triassic period was accompanied by the extinction of many species of Pa-
leozoic land reptiles.

Animals with heat regulation developed after a significant rise in O,
level: mammals in the late Triassic period, birds in the middle of the
Jurassic. Although birds are morphologically closer to reptiles than are
mammals, they appeared later. This is probably explained by the higher
level of metabolism necessary for the great expenditure of energy during
flight. A rapid rise in O, level in the first half of the Jurassic period made it
possible to reach this metabolic level. It is interesting that the other group
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of flying vertebrates, the pterodactyls, also appeared during the Jurassic,
when there was a large quantity of O, in the atmosphere.

It should be emphasized that the largest land vertebrates were widely
distributed in the Jurassic and the Cretaceous, i.e., during the periods of
highest concentration of atmospheric O, . For instance, gigantic biped di-
nosaurs that lived at this time consumed a great amount of O, while mov-
ing.

It thus appears that variations in atmospheric O, content definitely in-
fluenced the evolution of the animal world.

Variations in O, were of less importance for the evolution of plants than
for animals. Nevertheless we can suppose that a rapid development of
land vegetation in the Devonian and the Carboniferous periods depended
partly on the atmospheric O, increase that was produced by the vegeta-
tion itself.

The dependence of the whole mass of living matter on CO, concentra-
tion is noteworthy. The major part of the global biomass is the substance
of the autotrophic plants, the amount of which depends upon photosyn-
thesis. Taking account of the dependence of the rate of photosynthesis on
CO, concentration, we come to the conclusion that in the geological peri-
ods when the amount of CO, was greater than it is now, the mass of land
vegetation could exceed its present magnitude. This mainly concerns veg-
etation in zones with sufficient humidity. Thus, fluctuations in the CO,
concentration were evidently accompanied by variations in the mass of
autotrophic plants and, consequently, by variations in the total mass of
living matter on our planet.



Chapter

3

Semiempirical Theory
of Climatic Change

3.1 ENERGY BALANCE OF THE EARTH
Energy balance of the earth’s surface

Semiempirical theory of the atmospheric thermal regime is based on the
results of studying the energy (heat) balance of the earth’s surface and the
atmosphere.

The earth’s heat balance was first studied in the 19th century when
actinometric instruments were devised and the amount of solar radiation
reaching the top of the atmosphere was estimated as a function of latitude
and season. Between 1915 and 1940 W. Schmidt, A. Angstrom, F. Al-
brecht, and S. Savinov determined the heat balance components of the
earth’s surface for individual regions of the globe.

The author and his co-workers constructed a series of world maps of
heat balance components of the earth’s surface for each month and mean
annual conditions, which was published as the “*Atlas of the Heat Bal-
ance’’ (Budyko, 1955). These maps were further improved and together
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with several maps of heat balance components of the earth—atmosphere
system were later published as the *‘Atlas of the Heat Balance of the
Earth”’ (Budyko, 1963).

Since 1963 a considerable amount of material has been obtained from a
number of newly established actinometric stations on the continents. Of
particular importance was information obtained from oceanic radiation
observations. This made it possible to improve the estimation of the char-
acteristics of the oceanic radiation regime. Because of progress in study-
ing turbulent diffusion, it was possible to improve the methods for com-
puting the heat expenditure for evaporation and turbulent heat exchange
between the earth’s surface and the atmosphere over the oceans.

New improved maps of the heat balance components (Budyko et al.,
1978a) have been constructed using recently obtained data and modern
computational methods.

In constructing these maps, the heat balance equation of the earth’s
surface is used in the form

R=LE+ P+ B, (3.1)

where R is the radiation balance of the earth’s surface, LE the expendi-
ture of heat for evaporation or the heat income from condensation on the
earth’s surface (L is the latent heat of vaporization and E the evaporation
or condensation rate), P the turbulent heat flux between the earth’s sur-
face and the atmosphere, and B the heat flux between the earth’s surface
and the lower layers of reservoirs or soil.

In (3.1) the radiation balance R is assumed to be equal to Q(1 — a) — I
(where Q is the total shortwave radiation reaching the earth’s surface, «
the albedo of the earth’s surface, and I the net longwave radiation), R
being positive for the radiation income to the earth’s surface. Other terms
in the heat balance equation are positive when they correspond to heat
expenditure.

World maps of the heat balance components of the earth’s surface for
mean annual conditions constructed in the aforementioned study are
shown in Figs. 3.1-3.5. The quantities of heat balance components are
expressed in these maps in kilocalories per square centimeter year and in
kilocalories per square centimeter month. It should be remembered that
1 kcal cm™2 month™! = 15.9 W m™2.

As seen from Fig. 3.1, annual values of total radiation on the globe vary
from less than 60 to more than 200 kcal cm™ yr'. The largest values of
total shortwave radiation over both land and oceans are observed in high
pressure belts in the Northern and Southern Hemispheres. The total ra-
diation decreases toward the poles. Some decrease in the total radiation is
also observed at equatorial latitudes because of frequent overcast sky
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during the whole year. The distribution of total solar radiation isolines is
mainly zonal. This zonality is considerably disturbed by uneven cloud dis-
tribution, especially in the mid-latitudes in both hemispheres where cy-
clonic activity is intensive (the west coast of Canada, northern Europe,
the southwest coast of South America, etc.), in the eastern regions of
tropical zones in the oceans under the influence of trade-wind inversions
and cold marine currents, and in regions of monsoon circulation (Hindu-
stan, the eastern coast of Asia, and northwest of the Indian Ocean).

Considering the data on total radiation distribution for the winter
months, one should note that they are characterized by latitudinal varia-
tions in total radiation: from about 14 kcal cm~2 month™! in low latitudes
to zero in polar latitudes, where at this time there is no radiation. The larg-
est monthly totals of solar radiation in low latitudes are observed in tropi-
cal monsoon regions where there is little cloudiness at this time of year.

The distribution of total shortwave radiation in summer is characterized
by high values all over the hemisphere with little geographical variability.
Tropical and subtropical deserts get maximum solar radiation, i.e., more
than 20 kcal cm~2 month~!. Large amounts of total shortwave radiation
are observed in summer in the polar regions, where the greater length of
the day compensates for small sun altitudes. The Antarctic central plateau
gets the largest amounts of solar radiation in summer. For example, in
January, monthly totals vary from 16 to 18 kcal cm™2 on the coast to 30
kcal cm™2 in the interior of the continent. These values noticeably exceed
those for tropical deserts.

The radiation balance data for the earth’s surface are presented in Fig.
3.2. The annual sums of the radiation balance at the earth’s surface vary
from values of less than —5 kcal cm 2 in the Antarctic and approximately
zero in the central Arctic to 90 to 95 kcal cm™2 in tropical latitudes.

Due to the influence of astronomical factors, the annual and monthly
radiation balance sums are zonally distributed over the flat territories in
high and mid-latitudes in the Northern Hemisphere. The latitudinal distri-
bution breaks down in regions where circulation factors significantly
change cloudiness conditions as compared with the average.

Geographic zones in high and middle latitudes are characterized by def-
inite annual radiation balance totals: Arctic deserts, less than 10 kcal cm™
yr~!; tundra, forest-tundra, 10-20 kcal cm~2 yr!; northern and middle
taiga, 2030 kcal cm™2 yr—!; southern taiga, 30—-35 kcal cm™2 yr—!; mixed,
leaf-bearing, and broadleaf forests, forest-steppe, and steppe in middle
latitudes, 35-50 kcal cm™2 yr=1.

In subtropical, tropical, and equatorial zones the regimes of the atmo-
spheric circulation cause pronounced differences in moisture and cloudi-
ness conditions resulting in annual radiation balance variations of from 55
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to 95 kcal cm~—2. At the same time, the minimum values of the radiation
balance in low latitudes are observed in subtropical and tropical deserts
because of the high reflectivity of the deserts surface and considerable net
longwave radiation heat losses under conditions of little cloudiness, low
air humidity, and high soil surface temperature.

From radiation balance maps for individual months it can be seen that
the lowest values of the radiation balance are observed in high polar lati-
tudes—from —1 to —2 kcal cm™ month™! in winter and ~4 kcal cm™2
month™ in summer. In mid-latitudes in the Northern Hemisphere the
values of the radiation balance vary from — 1 to —2 kcal cm™2 month™! in
January and from 7 to 9 kcal cm ™2 month! in July. In tropical extraequa-
torial latitudes in the period of the winter solstice the values of the radia-
tion balance are 3.5 to 4.0 kcal cm™2 month™!; in summer the largest
values reach 9 to 10 kcal cm™2 month™!, decreasing to 5.5 to 6.0 kcal cm—2
month™! in deserts and equatorial monsoon regions.

The distribution of radiation balance values on the surface of the
oceans, as shown in Fig. 3.2, is similar to that of total radiation. The maxi-
mum value of the radiation balance on the oceans exceeds 140 kcal
cm~2yr!; the lowest values for ice-free ocean surface are at the boundary
of floating ice, ~20-30 kcal cm=2 yr!. It should be emphasized that the
annual totals of the radiation balance over the entire ice-free ocean sur-
face are positive.

In winter the ocean radiation balance varies with latitude from 8 to 10
kcal cm™2 month™! in low latitudes to small negative values of ~ —4 kcal
cm~2 month™! in high latitudes. In this case, the radiation balance be-
comes negative in both hemispheres, above 45°N in January and above
45°S in July.

In the summer months the values of the radiation balance of the oceans
reach their maxima, exceeding 14 kcal cm™ month~! in low latitudes and
8 to 9 kcal cm™? month™! in high latitudes. In these months the radiation
balance distribution differs noticeably from a zonal one, regions with high
and low values corresponding to those with little and heavy cloudiness.

The annual map of latent-heat flux distribution for land and ocean is
presented in Fig. 3.3. This map is constructed from calculations of long-
term monthly means of evaporation (Drozdov et al., 1974). Monthly means
of the latent-heat flux (and turbulent heat exchange with the atmosphere)
on the oceans are calculated using the data of marine climatic atlases and
long-term ship observations in the Atlantic, Indian, and Pacific Oceans
(Atlas, 1974).

Considering the peculiarities of the latent-heat flux distribution on land,
it can be mentioned that its value varies by ~ 80 kcal cm™2 yr~ 1. In regions
of sufficient moisture, heat output for evaporation increases as the radia-
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tion balance increases toward the equator, varying from less than 10 kcal
c¢m™? yr~! on the northern coasts of continents to 70 to 80 kcal cm™2 yr~'in
humid tropical forests in South America, Africa, and the Malay Archipel-
ago. In regions with insufficient moisture, the value of heat outgo for
evaporation depends on the aridity of the climate, decreasing with in-
creasing aridity. The lowest values of the latent-heat flux are observed in
tropical deserts where they amount to only a few kilocalories per square
centimeter year.

The annual march of the heat outgo for evaporation is also determined
by heat and moisture resources. In extratropical latitudes with sufficient
moisture, maximum values of the latent-heat flux occur in summer, corre-
sponding to the yearly variation of the radiation balance and reaching 5-6
kcal cm™ month™. In winter the value of heat output for evaporation is
small. In regions with insufficient moisture, the maximum heat output for
evaporation is also usually observed during the warm period, but the time
at which the maximum is reached depends strongly on the moisture
regime. In deserts the annual march of LE is determined by that of precip-
itation.

In tropical latitudes with a humid climate the latent-heat flux is large
throughout the year, amounting to 6—8 kcal cm~? month™!. In regions with
seasonally reduced precipitation some decrease in heat output for evapo-
ration is observed, but its variation in the course of the year is compara-
tively small. In regions with a clearly defined dry period, latent-heat flux
maxima are observed at the end of humid periods and minima are ob-
served at the end of dry ones.

For the land area as a whole (including Antarctica), the latent-heat flux
is 27 kcal cm™2 yr—1,

The distribution of the annual latent-heat flux on the oceans is, in gen-
eral, similar to that of the radiation balance. As seen from the map (Fig.
3.3), the differences in latent-heat flux are rather large: the latent-heat flux
varies from more than 120 kcal cm™2 yr~! in tropical latitudes to ~ 30 kcal
cm~2 yr~! at the edge of polar ice. In equatorial latitudes the flux is less
than at higher latitudes (less than 100 kcal cm=2 yr—1); this can be attrib-
uted to increased cloudiness and air humidity. In addition to the radiative
heat expended in evaporation from the oceans, in a number of regions
heat transferred by ocean currents also contributes to evaporation. There-
fore, the zonal character of the latent-heat flux distribution is disturbed in
some regions by the activity of warm and cold currents. This is clearly
seen from the map in Fig. 3.3. The maximum latent-heat fluxes are ob-
served in the Northern Hemisphere: > 180 and ~ 140 kcal cm™2 yr~! in the
Gulf Stream and Kuro Shio zones, respectively. In these regions, the
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evaporation is increased not only by high water temperature but alsp by
the comparatively low humidity of the air masses incoming into these re-
gions from North America and Asia during the cold season.

The annual total of heat outgo for evaporation from the oceans is
mainly the sum of the values for the autumn—winter period.

The winter latent-heat flux distribution is similar to the annual distribu-
tion. In the cold season the effect of the warm currents is intensified. In
this connection the distinctive features of each ocean show up most
vividly: the expenditure of heat for evaporation from the surface of the
North Atlantic in the mid-latitudes is twice as great as at the same lati-
tudes in the Pacific Ocean. The lowest values of heat output for evapora-
tion are observed in the mid-latitudes in the Southern Hemisphere in the
Atlantic and Indian Oceans. Warmer air masses move from topical lati-
tudes into the regions with comparatively low water temperatures, thus
decreasing heat expenditure for evaporation.

In spring the effect of warm currents on the value of the latent-heat flux
decreases due to a reduction in the energy resources of the currents.
Since in summer the average wind speed and the water—air temperature
difference both decrease, the latent heat outgo drops considerably. In ad-
dition, the difference in the values of heat outgo for evaporation from the
surface of the individual oceans diminishes.

The annual turbulent heat flux map is presented in Fig. 3.4. Maximum
sensible-heat outgo from the land surface to the atmosphere by the turbu-
Ient flux is noted in the tropical deserts, where it reaches 55-60 kcal cm™2
yr~*. The turbulent heat flux decreases with increasing moisture. In re-
gions with humid tropical forests, the turbulent flux amounts to 10-20
kcal cm~2 yr~t. At higher latitudes the turbulent heat flux decreases as the
radiation balance decreases. Over the northern coasts of the Northern
Hemisphere continents the sensible-heat flux is less than 5 kcal cmm™2 yr=1.
The same values are characteristic of regions in mid-latitudes that have
sufficient moisture.

The same regularity is found in the annual variation: as the radiation
balance increases, the turbulent flux also increases. Therefore, in extra-
tropical latitudes, the largest values of sensible-heat flux are observed in
summer, the smallest in winter. For areas north of 40°N and south of 40°S
the direction of turbulent heat flux changes during the year. In winter the
earth’s surface gets heat from the atmosphere by means of turbulent ex-
change although the absolute values of the heat flux are small; even in
high latitudes they do not exceed 1 kcal cm™2 month™'.

The surface of the continents between 40°N and 40°S loses heat by the
turbulent flux throughout the year. In low latitudes, the annual course of
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the turbulent flux depends strongly on moisture. The largest monthly
values of the turbulent flux are observed in the period of minimum precip-
itation. In subtropical latitudes with Mediterranean-type climate, the
maximum values of turbulent flux occur in summer, reaching 6 kcal cm=2
month~!. In deserts, particularly coastal deserts where the turbulent heat
exchange is considerably influenced by the processes of air mass transfor-
mation at the water—land boundary, sensible-heat flux values exceed 6
kcal cm™ month™!. In humid tropical regions, the turbulent flux is small
throughout the year, its monthly values being less than 2 kcal cm 2.

Overall, 45% of the annual value of the radiation balance on the surface
of the continents is expended in turbulent heat exchange with the atmo-
sphere.

The map of turbulent heat exchange between the surface of the oceans
and the atmosphere shows that almost everywhere the oceans lose heat.
The greatest heat loss (as the heat outgo for evaporation) takes place in
the western and the northwestern regions of the Northern-Hemisphere
oceans, where the turbulent heat flux exceeds 40 kcal cm=2 yr~'. At lower
latitudes, particularly near the equator where temperature differences be-
tween the water surface and the air above it are small throughout the year,
the turbulent heat flux from the surface of the oceans is less than 10 kcal
cm™2 yroi,

In the Southern Hemisphere, because of the absence of sharp contrasts
between the water and air temperatures, the turbulent flux is considerably
less than that in the Northern Hemisphere and does not exceed 15 kcal
cm™? yr~! anywhere.

Negative annual values of the turbulent heat exchange with the atmo-
sphere (i.e., heat inflow from the atmosphere) are observed in the zones
of the cold California Current and the Current of the West Winds in the
Southern Hemisphere. These negative values have small absolute magni-
tudes.

The annual sums of turbulent heat exchange with the atmosphere, as
well as those of heat outgo for evaporation, consist mainly of the values
for the fall and winter periods. The closest relationship between heat ex-
change conditions and the effects of sea currents and atmospheric circula-
tion is observed in winter.

Heat losses by the oceans in the winter months in the Northern Hemi-
sphere reach values of 8—10 kcal cm™2 month™!; in the Southern Hemi-
sphere, about 5 kcal cm™2 month=.

In summer, for both hemispheres, the turbulent heat exchange between
the surface of the oceans and the atmosphere is close to zero everywhere.
Its values lie in the range of 1 to — 1 kecal cm™ month™'.
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The values of the heat exchange between the surface of the oceans and
the deeper layers that are due to the effects of currents are the algebraic
sums of the radiation balance, heat outgo for evaporation, and turbulent
heat exchange between the surface of the oceans and the atmosphere. In
this case, the algebraic sum of the terms entering the heat balance equa-
tion for the oceans as a whole amounts to 2% of the radiation balance
value. This verifies that the methods used for calculating the components
of the oceanic heat balance are sufficiently reliable.

Figure 3.5 shows the annual map of a residual component in the heat
balance equation—the heat incoming to or outgoing from the ocean sur-
face by the activity of marine currents. This map shows the role of cur-
rents and atmospheric circulation in heat exchange between the surface
and the deeper layers of the oceans. In addition, this map characterizes
heat redistribution between different ocean regions.

It can be seen that in equatorial and to some extent in tropical latitudes
of both hemispheres, as a result of large radiative heat inflow and lowered
outgo by evaporation and turbulent heat exchange with the atmosphere,
ocean waters gain 20—40 kcal cm™2 yr~!. The higher the latitude in either
hemisphere, the less the accumulation of heat by ocean waters. In high
latitudes the amount of radiative heat proves to be insufficient to compen-
sate for heat outgo by evaporation and turbulent heat flux, so heat trans-
ferred by ocean currents is directed from deeper layers toward the ocean
surface. The areas with maximum heat outgo from the ocean surface into
the atmosphere are located in the regions influenced by warm currents —
the Gulf Stream and Kuro Shio. In these regions during the cold season
the warm ocean waters interact with the fluxes of cold continental air
from North America and Asia. This causes an intensive heat transfer from
the deeper ocean layers, through the water surface, into the atmosphere.
This ocean heat outgo amounts to — 110 kcal cm™2 yr~!.

It should be mentioned that in high and middle latitudes of the Northern
Hemisphere, because of large water—air temperature contrasts, a similar
process takes place in regions influenced not only by warm, but even by
some cold, currents.

In the Southern Hemisphere, where the contrasts between the thermal
state of the water and the air are considerably smaller, the heat loss from
the ocean surface does not exceed in absolute magnitude — 30 to — 35 kcal
cm 2 yrt,

In most regions of cold currents, the ocean surface gains heat from the
sun and the atmosphere and transfers a significant portion to underlying
layers. The maximum heat flux reaching deeper layers of the ocean, with a
value of about 60 kcal cm 2 yr™, is observed in the region of the California



120 150 180 150 120 90 80
2 a0
g,
o= “6
0 ¢
I \
¢ ¥ 20
N a0,
80
(AR 30
I80
=60:
=40 =20
=90
o C20?
)
20 e
20— 205 _20 .
2 -
o a0 q
[ LY
. .
o/ 20 % o
20
24
%
o—_
t
20 f,
0
40 3
o
~90 40 o / “od -i’a
M~-20 20 40 o N
b !
0
o
“\\ g y
80 150 120 90 80 30 0 30 60 20 120 150 180 150 120

Fig. 3.5 Heu! flux [rom the surface of the oceans (o deeper water layers.



3.1 Energy Balance of the Earth 63

current. In the Southern Hemisphere the surface waters of the Peru,
Benguela, Falkland, and West Winds currents transfer somewhat lesser
amounts of heat to deeper layers—not more than 50 kcal cm™2 yr™!,

The question of the accuracy of determining the heat balance compo-
nents of the earth’s surface using calculated results based on the data of
ground meteorological observations is discussed, for example, in Budyko
(1971). It is worth noting that Holloway and Manabe (1971) constructed
world maps of the heat balance components of the earth’s surface using
the general circulation model of the atmosphere. In this investigation
values of the radiation balance of the earth’s surface, evaporation (which
is proportional to heat outgo for evaporation), and the turbulent heat flux
between the earth’s surface and the atmosphere are determined. When
these maps were compared with similar ones from ** Atlas of the Heat Bal-
ance of the Earth’ (Budyko, 1963), Holloway and Manabe found good
agreement between them.

Oort and Vonder Haar (1976) used another method of determining some
heat balance components of the earth’s surface. In their study, they used
the data of satellite observations of the radiation balance components of
the earth—atmosphere system. Developing the idea used in their previous
investigation, Oort and Vonder Haar computed the heat flux between the
earth’s surface and the atmosphere from the atmospheric heat balance
equation. They considered the value of this flux to be equal to the alge-
braic sum of the radiation balance of the earth—atmosphere system, the
change in the heat content in a vertical column of the atmosphere, and the
horizontal heat inflow into this column caused by atmospheric circulation.
The first of these three components was obtained from satellite data, the
second and third from aerological observations. Using this method they
computed latitudinal monthly means of the heat flux equal to the sum of
surface radiation balance, heat outgo for evaporation, and turbulent heat
flux between the earth’s surface and the atmosphere. Taking into account
the limited accuracy of determining from aerological observation data the
heat inflow into the air column under the influence of atmospheric circula-
tion and the fact that the residual term of the heat balance equation com-
puted by Oort and Vonder Haar is often less in absolute magnitude than
its principal components, one should note that the results obtained are
fairly accurate. They found, in particular, that the value of the total heat
inflow at different latitudes in the Northern Hemisphere varies from 40 to
— 140 W m~2 in January and from 30 to 90 W m~2 in July. The same values
obtained from the data of the ‘“Atlas of the Heat Balance of the Earth”
vary from 40 to — 110 W m~? in January and from 10 to 90 W m~2 in July.
This agreement shows that even approximate calculations of the heat bal-
ance components provide satisfactory results in spite of the fact that the
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determination of the above values as a residual term of the heat balance
from the ‘‘Atlas of the Heat Balance of the Earth™ gives a considerable
error.

Values of the heat balance components of the earth’s surface averaged
over the earth as a whole can be obtained from data on their spatial distri-
bution.

Table 3.1 gives the values of heat balance components for different lati-
tudinal zones of land and ocean and for the earth as a whole. Data pre-
sented in this table can be compared with the results of previous studies of
the heat balance of the carth’s surface. Table 3.2 presents relative values
of heat balance components (expressed as percent of the solar constant
value) obtained from different studies.

From the data given in the last three lines of Table 3.2, it is seen that as
the world maps of heat balance components improve, the values of ab-
sorbed radiation, radiation balance, and heat outgo for evaporation ap-
pear to increase somewhat. Relative values of heat balance components
calculated in the last study (Budyko et al., 1978) approach the results ob-
tained by Houghton in the 1950s (except for the value of the turbulent heat
flux).

Table 3.1
Latitudinal Means of Components of the Heat Balance at the Surface of the Earth”

Land Ocean Earth as a whole

Latitude (degrees) R LE P R LE P F, R LE P F,

North
70-60 22 16 6 23 31 22 =30 22 20 11 -9
60-50 32 23 9 43 47 19 =23 37 33 13 -9
50-40 45 25 20 64 67 16 —19 54 45 18 -9
40-30 58 23 35 90 9% 14 =20 76 65 23 —12
30-20 64 19 45 111 109 7 -5 94 75 21 -2
20-10 74 32 42 121 117 7 -3 109 95 16 -2
10-0 79 57 22 124 104 7 13 114 93 10 11

South
0-10 79 6l 18 127 99 6 22 116 90 9 17
10-20 75 45 30 122 113 9 0 112 98 14 0
20-30 71 28 43 109 106 11 -8 100 88 18 )
30-40 62 29 33 92 82 11 -1 88 76 14 -2
40-50 4 22 22 72 51 6 15 71 50 7 14
50-60 35 22 13 46 35 9 2 46 35 9 2
Earth as a whole 50 27 23 91 82 9 0 79 66 13 0

“ Values are given in kilocalories per square centimeter year.
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Table 3.2
Heat Balance at the Surface of the Earth®

Components of the balance

Absorbed Net Heat
shortwave longwave Radiation outgo for Turbulent
Investigation radiation  radiation balance  evaporation  heat flux
Dines (1917) 42 14 28 21 7
Alt (1929) 43 27 16 16 0
Bauer and Phillips (1934) 43 24 19 23 -4
Houghton (1954) 47 14 33 23 10
Lettau (1954) 51 27 24 20 4
Budyko (1955) 42 16 26 21 5
Budyko (1963) 43 15 28 23 5
Budyko et al. (1978a) 46 15 31 26 5

« Components of the heat balance are expressed as percent of the amount of solar
radiation incident on the outer boundary of the atmosphere.

The energy balance of the earth—atmosphere system

Components of the heat balance of the earth—atmosphere system were
first calculated in the 1920s and 1930s by G. Simpson, F. Baur, H. Phil-
lips, and G. Trolle. World maps of the earth—atmosphere system radia-
tion balance and net heat income from condensation and advective pro-
cesses in the atmosphere, constructed by Vinnikov, were published in
‘‘Atlas of the Heat Balance of the Earth’’ (Budyko, 1963). In the late
1960s, as a result of progress in satellite meteorology, maps of the radia-
tion regime elements of the earth—atmosphere system were constructed
directly from satellite observation data. The first of such maps contained
results of observations for specific periods of time (Raschke er al., 1968).
Using these data, maps of radiation regime elements averaged over sev-
eral years were later constructed (Vonder Haar and Suomi, 1969;
Raschke et al., 1973; Ellis and Vonder Haar, 1976).

The equation of heat balance of the earth—atmosphere system can be
presented as

R, = F, + L(E — r) + B, (3.2)

where R, is the radiation balance of the earth—-atmosphere system; F, the
income or outgo of heat resulting from advection in the atmosphere and
hydrosphere; L(E — r) the difference between heat outgo for evaporation
and heat income from condensation, the latter assumed to be proportional
to the rate of precipitation r; B, the rate of heat content variation in a
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vertical column of the atmosphere and the upper layers of the hydrosphere
(or the lithosphere).

The radiation balance is considered to be equal to Q1 — «) — I,
where O is the income of solar radiation at the top of the atmosphere, a
the albedo of the earth—atmosphere system, and I, the net longwave emis-
sion outgoing into space. The term F; is assumed to be equal to F, + F,,
where F, is heat redistribution in the atmosphere and F, heat redistribu-
tion in the hydrosphere.

Latitudinal means of heat balance components for the earth—atmo-
sphere system obtained from observational data (Budyko, 1974) are listed
in Table 3.3.

In this table, Q, is the radiation absorbed by the earth—atmosphere sys-
tem and I the longwave outgoing emission at the top of the atmosphere.
The difference between these two values, R;, is the radiation balance of
the earth—atmosphere system. A total heat redistribution due to atmo-
spheric advection equal to F, + L(E — r) is denoted by C,. The values for

Table 3.3
Latitudinal Means of the Components of the Heat Balance of the
Earth— Atmosphere System¢

April-September October—March
Latitude
(degrees) 0. C, F, B I Q. C, F, B, I
North
80-90 7.8 —4.5 0 0.8 11.5 0.1 -9.1 0 -0.8 10.0
70-80 8.2 —44 0 0.8 11.8 0.5 -93 0 -0.8 10.6
60-70 1.5 -18 -04 1.2 125 1.8 -67 —-15 -12 112
50-60 14.6 0.0 -1.3 2.8 13.1 40 —-47 -05 -28 120
40-50 16.9 1.0 -2.0 3.9 14.0 6.5 -29 0.6 -39 127
30-40 19.2 14 —-1.7 43 152 9.5 -0.9 0.7 -43 14.0
20-30 20.0 20 -04 2.9 155 13.7 0.9 0.6 —-29 151
10-20 19.7 24 0.9 14 15.0 17.0 1.8 1.0 —1.4 156
0-10 18.4 1.4 22 —-0.1 149 18.7 2.1 1.4 0.1 15.1
South
0-10 18.0 23 22 —-1.5 15.0 19.7 2.4 0.8 1.5 15.0
10-20 16.2 2.6 0.9 -25 152 20.7 3.5 -03 2.5 150
20--30 13.0 1.4 03 -34 147 20.6 3.5 ~1.2 34 149
30-40 89 —~04 —-04 -42 139 18.9 20 —-14 4.2 14.1
40-50 59 —-19 —-1.6 =35 129 15.9 0.0 -0.6 3.5 13.0
50-60 33 -39 -26 -25 123 128 -2.6 0.6 2.5 123
60--70 1.0 -9.5 0 -0.8 11.3 8.1 43 0 0.8 11.6
70-80 0.2 -938 0 0 10.0 44 6.5 0 0 10.9
80-90 0.0 -838 0 0 8.8 34 -6.9 0 0 10.3

¢ Data is for two half-years and is given in kilocalories per square centimeter month.
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F, in Tables 3.1 and 3.3, determined by independent methods, differ but
slightly. The upper left and lower right parts of Table 3.3 refer to the warm
seasons, whereas the lower left and upper right parts refer to the cold sea-
sons.

This table shows that the absorbed radiation is not the only factor deter-
mining the values of outgoing emission. In high and mid-latitudes during
the cold season (and in high latitudes of the Southern Hemisphere during
the whole year), the main source of heat is its transfer from lower lati-
tudes by atmospheric circulation.

Of the two processes of heat exchange in the oceans, seasonal heat ac-
cumulation and expenditure in oceanic waters is the more important. In
some latitude belts, the value of this heat balance component can reach
25-30% of the outgoing radiation. The redistribution of heat by marine
currents plays a smaller role, although in particular zones its value can
amount to 15-20% of the longwave radiation. It should be noted that the
values of the heat balance components under consideration are related to
the total areas of the latitudinal zones (in most cases, this essentially de-
creases their values as compared with the heat balance components re-
lated to the ocean surface areas).

As seen from Table 3.3, to determine the outgoing emission from other
heat balance components one should take into account all the balance
components incorporated in the table.

Table 3.4 presents latitudinal means of the radiation regime compo-
nents of the earth—atmosphere system obtained by Ellis and Vonder Haar
(1976) from satellite observations for two months and for the whole year.

In Fig. 3.6 one can see latitudinal means of the annual values of the
earth—atmosphere radiation balance obtained from Budyko (1963) (R))
and from the data of Ellis and Vonder Haar (1976) (R}), as well as similar
values of outgoing longwave emission (I; and I;). As seen in this figure,
calculated values of the radiation balance and outgoing radiation and
those obtained directly from satellite observation data are somewhat dif-
ferent, because of errors in determining these values by each of these two
methods. It may be assumed that the results of direct satellite observa-
tions have greater accuracy than the computed values.

However, the differences between the results of climatological calcula-
tions (Fig. 3.6, solid lines) and satellite observations (dashed lines) in
many cases are so small that to speak of the advantage of one method
over the other is impossible. For example, the radiation balance data ob-
tained from observations and calculations at all latitudes except the Ant-
arctic differ by no more than the probable error of any of the methods
used for their determination. Data on outgoing emission coincide com-
pletely in high and middle latitudes of the Northern Hemisphere, where
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Table 3.4
Components of the Radiation Regime of the Earth~Atmosphere System®
June December Year
Latitude
(degrees) oy I R o I R, o I R,
North
90-80 0.59 1334 —-0.21 — 9.56 —9.56 0.59 1099 -6.49
80-70 0.55 13.46 0.70 — 9.76  —9.76 0.54 11.21 -5.89

70-60 0.44 14.14 0.62 0.51 1022 -10.09 045 11.89 ~—4.53
60-50 0.40 14.57 3.29 0.51 11.12 —9.40 0.41 12.65 —2.94

50-40 0.36 15.22 4.27 043 12.11 —7.66 0.36 13.73 -1.31

40-30 0.29 16.40 4.90 0.36 13.60 —5.73 0.31 15.07 0.04

30-20 0.27 17.03 4.27 030 1537 —=3.77 0.27 16.26 1.14

20-10 0.25 16.27 4.53 026 16.14 —0.82 0.25 16.17 2.86

10-0 0.27 15.68 3.01 0.26 15.85 2.13 0.25 15.72 3.70
South

0-10 0.23 17.21 0.38 0.26 15.62 4.69 0.24 16.24 3.53
10-20 022 17.82 -2.77 0.24 15.99 6.40 0.24  16.77 2.56

20-30 027 16.78 —5.38 0.25 16.46 7.04 0.25 16.52 1.38
30-40 034 1511 -7.62 0.28 15.78 7.15 0.30 15.37 0.02
40-50 042 13.83 —9.58 0.34 14.80 6.26 0.36 14.11 -—-1.72

50-60 0.54 12.76 —11.25 0.41 13.90 4.86 0.43 13.01 -3.61
60-70 0.50 11.54 -—11.41 0.50 13.46 2.19 0.51 11.92 ~-538
70-80 — 9.65 —9.65 0.59 13.02 0.58 0.60 1027 -5.63
80-90 — 9.05 -9.05 0.61 12.78 0.76 0.62 970 -5.52

¢ Values are given in kilocalories per square centimeter month.
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Fig. 3.6 Dependence of the earth—atmosphere system radiation balance and outgoing ra-
diation on latitude.
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more complete data from standard meteorological observations could be
used in the calculation.

The differences seen for outgoing radiation in low and middle latitudes
of the Southern Hemisphere seem to indicate that satellite data are more
accurate in that region, where the results of standard meteorological ob-
servations are insufficient for reliable estimates. But even in this case, the
discrepancy between these two Kinds of data for outgoing emission is not
more than 10%.

Using the available materials on the heat balance components, we can
construct a diagram of the heat balance of the earth as a whole.

Considering the solar constant as 1.95 cal cm™ min~! and the earth’s
albedo close to 0.30, we find that the shortwave radiation absorbed by the
earth as a planet amounts to 179 kcal cm~2 yr~! (Q,, in Fig. 3.7). Of this
quantity, 118 kcal cm™2 yr~! are absorbed at the earth’s surface (Q,) and
61 kcal cm™ yr~! in the atmosphere.

The radiation balance of the earth’s surface is 79 kcal cm™ yr™! and the
net longwave radiation from the earth’s surface is 39 kcal cm™2 yr~! ().
The total value of the net longwave emission from the earth, equal to the
amount of absorbed shortwave radiation, is designated by I,. The ratio of
the net longwave radiation from the earth’s surface to the total emission
from the earth (I/1,) is considerably less than the ratio of the amounts of
absorbed shortwave radiation (Q,/Qs,). This characterizes the influence
of the greenhouse effect on the radiation balance of the earth. Another
characteristic of the greenhouse effect is the value of the radiation balance
of the earth’s surface, the radiative energy of which is spent on the evapo-
ration of water (66 kcal cm~2 yr~!, shown as LFE) and for the sensible-heat
exchange between the earth’s surface and atmosphere (13 kcal cm™2 yr~!,

P).
Quter space ]\Qsa/[ ﬂ
179 179
\ ! ! |
Voo \
\ o ® Y

Atmosphere

Earth's surfuce

Fig. 3.7 Heat balance of the earth.
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The atmosphere gains energy from three sources:

(1) absorbed shortwave radiation, amounting to 61 kcal cm™2 yr™/;

{2) condensation of water vapor (shown as Lr), amounting to 66 kcal
cm~2 yr7t; and

(3) sensible-heat flux from the earth’s surface, amounting to 13 kcal
cm 2 yrt,

The sum of these three values is the output of heat as longwave radia-
tion into space, which is the difference between the values I and 7, i.e.,

140 kcal cm™2 yr.

The water balance

Data on the water balance of the earth’s surface are used both in deter-
mining heat balance components and in developing the semiempirical the-
ory of climatic change.

The water balance equation for land has the form

r=E+f+b, (3.3)

where r is the precipitation, E the evaporation, fthe runoff, and b the rate
of change in the water content of the upper layers of the soil, all in centi-
meters per year. This equation can also be used in calculating the water
balance of reservoirs. In this case f will be the total horizontal redistribu-
tion of water and b the variation in the level of a reservoir over the period
of time under consideration. The terms in the right hand side of the equa-
tion are assumed to be positive if they characterize the loss of water. For
mean annual conditions b is usually close to zero.

The water balance of the earth’s surface is comprehensively studied in
Drozdov et al. (1974) with accompanying detailed world maps of water bal-
ance components. In this monograph it is established that the value of pre-
cipitation for the whole earth, which is equal to that of evaporation, amounts
to 113 ¢cm yr~!. This value is greater than similar values obtained earlier.

Table 3.5 gives the values of water balance components for the conti-
nents and oceans from the data of Drozdov et al. (1974). The sum of water
balance components of the individual oceans is equal to the water income
or outgo due to water exchange between the oceans.

Using the world maps of precipitation and evaporation we can deter-
mine the water balance components for the earth’s latitudinal zones. As
seen from the calculated results, in different latitudinal zones the income
of water vapor into the atmosphere from evaporation might or might not
exceed the loss of water vapor as precipitation. Therefore, high-pressure
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Table 3.5
Water Balance of the Continents and Oceans

Precipitation Evaporation Runoff

Continents and oceans (cm yr ) (cm yr7!) (cm yr-!)
Europe 79.0 50.7 28.3
Asia 74.0 41.6 32.4
North America 75.6 41.7 339
South America 160.0 91.5 68.5
Africa 74.0 58.7 15.3
Australia and Oceania 79.1 511 28.0
All the land 80.0 48.5 31.5
Atlantic 101.0 136.0 22.6
Pacific 146.0 151.0 8.3
Indian 132.0 142.0 8.1
Arctic 36.1 22.0 35.5
World ocean 127.0 140.0 13.0
The earth as a whole 113.0 113.0 0

zones where evaporation from the surface of the oceans is considerably
greater than precipitation are one of the main sources of water vapor for
the atmosphere.

Removal of this water vapor surplus occurs in the equatorial zone as
well as in middle and high latitudes, where precipitation exceeds evapora-
tion.

The difference between precipitation and evaporation in a definite re-
gion equals the difference between the income and output of water vapor
in the atmosphere resulting from the horizontal motion of air. The values
of this difference for many regions give an idea of the importance of water
vapor transfer in the atmosphere for the precipitation regime. The depen-
dence of the amount of precipitation on water vapor transfer is considered
in investigations of atmospheric water exchange.

3.2 THE THERMAL REGIME OF THE ATMOSPHERE
The goals of the theory of climate change

The theory of climate aims at determining by the method of physical
deduction the mean distribution of meteorological parameters in space
and time and their variability depending on given values of external cli-
mate-forming factors. In developing a climate theory, the methods of hy-
dromechanics and thermodynamics are used, taking into account the
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nature of radiative energy transfer, phase transformation of water, and
other relationships of modern physical meteorology.

One of the first numerical models of climate theory was elaborated by
Milankovich (1920, 1930), who calculated the distribution of latitudinal air
temperature means using data on radiation income to the outer boundary
of the atmosphere. He believed that the thermal regime was determined
by radiative heat exchange in an individual latitudinal zone and he did not
take into account the influence of the greenhouse effect and variations of
albedo with latitude. He also neglected the effect of meridional heat trans-
fer in the atmosphere and of heat exchange on the thermal regime caused
by phase transformations of water and interactions between the atmo-
sphere and ocean. Considerable errors in computing the temperature field
related to the influence of these factors were compensated for by the
choice of some parameters of the model. As a result, Milankovich ob-
tained a distribution of mean latitudinal temperatures not very different
from the observed ones.

Kochin (1936) was the first to apply the methods of dynamic meteorol-
ogy to the development of a climate theory. He calculated the mean meri-
dional profiles of pressure and wind speed in the lower layers of the atmo-
sphere from a given distribution of the air temperature and pressure at the
earth’s surface. Afterwards, Dorodnytsin et al. (1939), using a similar
method, constructed a model of zonal circulation for summer in the
Northern Hemisphere. This kind of investigation was further developed
by Blinova (1947) and others, who calculated mean temperature, pres-
sure, and wind speed distributions in the Northern Hemisphere.

Shuleikin (1941) made a significant contribution to the investigations of
climate theory. He established that ocean—atmosphere interactions are an
important and often a controlling factor for climatic conditions.

Later, many new models of climate allowed the average fields of meteo-
rological parameters to be calculated. Progress in computer engineering
made it possible to develop numerical models reproducing unaveraged
fields of meteorological parameters as air temperature and precipitation.
As a result of the calculation of such unaveraged fields over sufficiently
long periods of time, the mean distribution of meteorological elements
could be computed.

Many studies in this area were conducted by Smagorinsky (1963) and
his colleagues (Manabe and Bryan, 1969; Holloway and Manabe, 1971;
Manabe and Wetherald, 1975; Wetherald and Manabe, 1975).

Manabe and Bryan in their paper developed a numerical model of cli-
mate theory taking into account the effect of water circulation in the
oceans on climatic conditions. Holloway and Manabe (1971) were the first
to construct from theory world maps of the heat and water balance com-
ponents of the earth.
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Various models of climate theory have been successfully developed by
many other scientists (Mintz, 1965; Gates, 1975; Shvets et al., 1970; Mar-
chuk et al., 1977; Meleshko et al., 1979). A number of reviews of studies
on climate theory have been recently published (Smagorinsky, 1974;
Schneider and Dickinson, 1974; Gates, 1975, 1979).

The question of the possibility of using the theoretical models to inves-
tigate climatic change needs special study. It has been proposed that
models of climate theory used for calculation of climatic change should
conform to the following requirements, which are less significant for the
models used in studying the present-day climate (Budyko, 1974):

(1) The model should not include empirical data on the distribution of
climate parameters, particularly those that vary considerably as the cli-
mate changes.

(2) The model should consider realistically all the kinds of heat inflow
that noticeably affect the temperature field. The model should fulfil the
law of conservation of energy.

(3) The model should take account of the principal feedbacks between
different climate parameters.

The first two requirements are more or less obvious; the third will be
treated more comprehensively.

The stability of the climate is provided by what can be called negative
feedbacks among its parameters (SMIC, 1971). These feedbacks aid in
decreasing the anomalies of meteorological elements and in changing their
values toward the climatic norms. An example of a negative feedback is
the dependence of longwave emission on the earth’s surface temperature.
With rising temperature, the longwave radiation increases, leading to an
increased heat output and decreased temperature.

Of great importance for climatic changes are positive feedbacks that
contribute to increasing the anomalies of meteorological elements and de-
creasing the stability of the climate.

The dependence between the absolute humidity of the air and its tem-
perature, noted in Chapter 1, is one of the positive feedbacks. With rising
temperature, evaporation from water or wet surfaces usually increases
and this leads to a comparative stability of the relative air humidity in
most climatic regions (except dry continental areas). Under these condi-
tions the absolute air humidity increases with increasing temperature.
This is corroborated by numerous empirical data.

Since net longwave radiation decreases with increasing absolute humid-
ity, an increase in absolute humidity brings about a further increase in
temperature. It is obvious that numerical models of the thermal regime
used for studying climatic changes should take this feedback into account.
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Another positive feedback that results from the influence of snow and
ice cover on the albedo of the earth’s surface is of great importance to the
regularities of changes in the atmospheric thermal regime.

Voeikov (1884) was the first to investigate the climatic effect of snow
cover. He established that snow cover contributes to lowering the air tem-
perature over its surface. Later, Brooks (1950) concluded that ice cover,
because of its high albedo, appreciably lowered the air temperature, with
the result that, when ice formed or melted, changes in climate increased
considerably.

From observational material obtained in Arctic and Antarctic condi-
tions and from satellite data, the albedo of the earth’s surface and the
earth—-atmosphere system in high latitudes can be estimated and then
compared with that observed in regions without snow and ice cover. The
available materials show that in summer the albedo of the ice surface in
the central Arctic is ~0.70, whereas in the Antarctic it is ~0.80-0.85.

Taking into account that the average value of the albedo of the earth’s
surface for snow and ice free regions does not exceed 0.15, it can be con-
cluded that snow and ice cover, other things being equal, decrease by sev-
eral times the radiation absorbed at the earth’s surface.

The albedo of the earth—atmosphere system is also greatly affected by
snow and ice. From satellite observations (Raschke et al., 1968, 1973) the
albedo of the system in the central Arctic and Antaractic in summer is
~0.60, approximately twice the value of the planetary albedo given in
these papers. It is evident that these large differences in albedo should
have a pronounced effect on the atmospheric thermal regime.

If a decrease in air temperature at the earth’s surface results in the for-
mation of snow and ice cover, the absorbed radiation drops drastically,
resulting in further lowering of the air temperature and enlargement of the
area of snow and ice cover. The reverse result takes place when the tem-
perature rises, if this leads to melting of the snow and ice.

Allowance for this feedback in the numerical model of the atmospheric
thermal regime showed that it greatly affects the air temperature distribu-
tion near the earth’s surface (Budyko, 1968a). To estimate this influence,
a simple example can be given illustrating how the mean global air tem-
perature will change if the earth’s surface, with no cloud cover, is com-
pletely covered with snow and ice (Budyko, 1962b, 1971).

In this case, the earth’s albedo increases considerably as compared
with the existing value. This will affect the air temperature. The *‘effec-
tive temperature’’ of the earth, corresponding to its longwave emission, is
proportional to (1 — «)"*, where «, is the albedo.

Therefore, the effective temperature will change as [(1 — o)1 —
ay)~ ]Vt when the albedo changes from «; to «f . Assuming that the actual
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albedo of the earth is 0.33 and that of dry snow cover 0.80, we find that for
a snow-covered earth, the mean effective temperature must be reduced
by ~75°.

It is possible that the reduction of the mean air temperature near the
earth’s surface when it is covered with ice will exceed the indicated value.
First, from satellite data the albedo of the earth proved to be somewhat
less than the value taken in this calculation; this would increase the value
of the temperature drop due to the earth’s glaciation. Secondly, at pres-
ent, the mean temperature of the lower layers of the air increases essen-
tially all over the earth’s surface because of the greenhouse effect asso-
ciated with the absorption of longwave emission by water vapor and CO,
in the atmosphere. At very low temperatures this effect is not important
and the formation of dense clouds that appreciably change the radiation
fluxes also becomes impossible. Under these conditions, the atmosphere
becomes more or less transparent to both shortwave and longwave radia-
tion. The mean surface temperature with a transparent atmosphere is ex-
pressed approximately by the formula [S,(1 — a)(4a)~'1V4, where S, is
the solar constant and o the Stefan constant. As seen from this formula, at
o = 0.80 the mean temperature of the earth is 186°K or —87°C. Thus, if
snow and ice covered the earth’s surface completely, its mean tempera-
ture (presently 15°C) would be reduced by ~ 100°. This estimate shows
what a large effect snow cover can exert on the thermal regime.

An attempt has been made (Budyko, 1961, 1962a, 1971) to assess the
influence of polar sea ice on the Arctic thermal regime. With the use of
data on the heat balance of the central regions of the Arctic Ocean and
approximate relationships from semiempirical climate theory, it was es-
tablished that polar ice lowered the mean air temperature in the central
Arctic by several degrees in summer and by ~20°C in winter.

It was concluded that in the Arctic Ocean during the present epoch an
ice-free regime could exist, although this regime would be unstable and
could be changed by the restoration of the ice cover with a comparatively
small climatic change. The same conclusion was also drawn by Rakipova
(1962, 1966), Donn and Shaw (1966), and Fletcher (1966).

Thus permanent ice cover occupying even a small part of the earth’s
surface considerably affects the atmospheric thermal regime. This effect
should therefore be taken into consideration in investigating climatic
change.

Semiempirical model of the thermal regime

The difficulties involved in using models of climatic change theory in
the investigation of climatic variations have not yet been completely over-
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come because these models usually do not fulfill the above requirements.
In addition, as Smagorinsky (1974) pointed out, large expenditures of
time, often exceeding the capabilities of computer centers having the
fastest-acting computers, would be required to calculate the changes in
climatic conditions on the basis of the models of general climate theory.
In connection with this, Smagorinsky indicated the necessity of devel-
oping ways to parametrize atmospheric and oceanic circulation processes
in order to estimate statistically the large-scale disturbances in this circu-
lation by analogy with the usual methods for studying small-scale turbu-
lent processes. This idea is used in a number of papers on climate theory
that consider heat and water transfer in the atmosphere as a macroturbu-
lent process. Taking into account the difficulties of applying more general
climate theories to the study of its changes, an attempt was made in sev-
eral papers to utilize for this purpose semiempirical models that could ful-
fil the above requirements at the expense of restricted goals for the
models, extensive parametrization of large-scale atmospheric processes,
and the use of empirical relationships.

The semiempirical model of the atmospheric thermal regime (Budyko,
1968a) that makes use of this direction of investigation is based on the fol-
lowing ideas.

In the absence of the atmosphere, the mean surface temperature is de-
fined by the conditions of radiation equilibrium, i.e., longwave emission
from the earth’s surface is equal to the absorbed radiation. This may be
expressed as

80T = 1S4(1 — ay), 3.4)

where 8 is the coefficient characterizing the difference in properties of the
emitting surface and a blackbody, o the Stephan constant, T the surface
temperature, S, the solar constant, and «, the mean albedo of the earth.

Assuming § = 0.95, ¢ = 8.14 X 107" calcm™? min~!, and §, = 1.95 cal
cm~2 min™!, we find from (3.4) that at o, = 0.33, the mean temperature of
the earth 1s 255°K or — 18°C. From observational data, the mean air sur-
face temperature is ~ 15°C. Thus, for the same value of the albedo, the
atmosphere increases the mean surface air temperature by ~33°C as a re-
sult of the greenhouse effect, i.e., a greater transparency of the atmo-
sphere for shortwave radiation than for longwave emission.

It should be mentioned that this estimate is relative: in the absence of
the atmosphere, the planetary albedo could not be equal to the assumed
value of 0.33.

At present, the mean albedo of the earth’s surface is 0.14. It might be
thought that before the formation of the atmosphere the earth’s albedo
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was less than this and might be close to that of the Moon, 0.07. With the
latter value of the albedo, the earth’s temperature would be ~3°C.

To assess the effect of solar radiation income and albedo on the mean
surface temperature under real conditions, it is necessary to know the de-
pendence of longwave emission at the outer boundary of the atmosphere
on the temperature distribution. This dependence can be established by
two methods. The first is associated with the theoretical simulation of the
vertical distribution of radiative fluxes, temperature, and air humidity.
The second is based on empirical comparison of data on longwave radia-
tion and the factors influencing this radiation, obtained from observations
or calculations. This method was used by the author (Budyko, 1968a),
who utilized the monthly means of outgoing radiation obtained by Vinni-
kov (1965) when preparing maps for ‘‘Atlas of the Heat Balance of the
Earth’’ (Budyko, 1963). These materials incorporated data on out-
going radiation for 260 points evenly situated on the continents and
oceans of the earth. Therefore, 3120 values were obtained.

After comparing these data with different elements of the meteorologi-
cal regime, it was possible to establish that the monthly means of outgoing
emission depend mainly on the air temperature near the earth’s surface
and on cloudiness. This dependence has the form

I, =a+ bT — (a; + by])n, 3.9

where I is the outgoing emission in kilocalories per square centimeters
month, T the air temperature in degrees Celcius, » the cloudiness mea-
sured in fractions of a unit, and the coefficients are a = 14.0, b = 0.14,
a; = 3.0, and b, = 0.10.

The average deviation of the values of outgoing emission obtained from
monthly data by calculation using Eq. (3.5) proved to be small—Iless than
5%. This corroborates the conclusion that the outgoing emission is only
slightly affected by other factors, vertical temperature gradient included.
It should be indicated that this conclusion holds true for outgoing emis-
sion averaged for large geographical regions and over long periods of
time. Physically, this conclusion means that the outgoing emission origi-
nates in the troposphere, where temperature deviations from the mean
gradient are usually small compared to spatial variability or variations in
the annual course.

Note that (3.5), obtained from empirical data, takes account of the pre-
viously mentioned feedback between changes in radiation, absolute hu-
midity, and temperature.

We compare (3.5) with the results obtained in several theoretical stud-
ies, one of which, by Manabe and Wetherald (1967), is of great impor-
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tance. In this paper it was established that the outgoing emission depends
on temperature and on cloudiness. This dependence was presented as a
graph with the lines approximately following Eq. (3.6) (with the terms and
dimensions as above):

I, =14 + 0.14T — 1.6n. (3.6)

As is seen, (3.5) and (3.6) obtained independently coincide for clear sky
conditions.

Dependences similar to (3.5) and (3.6) were subsequently found from
satellite observations of outgoing radiation. They are comprehensively
discussed below.

To check the equations relating the outgoing emission to meteorological
factors, we should use the condition of equality between the outgoing
emission for the entire globe and the absorbed radiation:

Ol — agp) = Iy, 3.7

where Q.,, ay,, and /g, refer to the planet as a whole.

Taking into account that the value of Q,, averaged over the whole earth
is 20.8 kcal cm™ month™!, the mean air surface temperature is 15°C, and
mean cloud cover is 0.50, we find that, using (3.5), the conditions of (3.7)
are fulfilled at oy, = 0.33. This value of the planetary albedo differs but
slightly from the estimates obtained by independent methods in a number
of modern investigations, thus attesting to the validity of (3.5).

We note that in accordance with the above considerations about the ef-
fect of snow and ice cover on the radiation balance, it can be shown that
(3.5) and (3.7) have at least one other solution in addition to the modern
climatic regime.

Assume that at low (below freezing) temperatures near the earth’s sur-
face the entire globe is covered with snow and ice and the global albedo of
the earth—atmosphere system in this case is approximately that of the
central Antarctic, i.e., 0.6-0.7. From (3.5) and (3.7) it follows that the
mean planetary temperature near the earth’s surface varies from —47°C
(at lower albedo) to —70°C (at a higher albedo). At these temperatures,
complete glaciation of the earth is inevitable. This corroborates the above
view that the existing external climate-forming factors can correspond not
only to present-day climatic conditions but also to a climate of complete
global glaciation. This question is discussed at greater length below.

In individual latitudinal zones of the earth, the thermal regime is essen-
tially affected by horizontal heat redistribution in the atmosphere and hy-
drosphere. The problem of quantitative consideration of the effect of hori-
zontal heat redistribution on the thermal regime of the atmosphere is very
complex.
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In studies on climate theory, it was shown that all the forms of horizon-
tal heat transfer in the atmosphere and hydrosphere of magnitude compa-
rable to the value of absorbed radiation should be taken into account in
constructing realistic models of the thermal regime. Among these are heat
transfer by regular motions and macroturbulence in the atmosphere and
hydrosphere and heat redistribution by phase transformations of water. It
is difficult to determine reliably the characteristics of horizontal heat re-
distribution in the atmosphere and hydrosphere by using the methods of
dynamic meteorology. To solve this problem, we could use information
on the components of the heat balance of the earth—atmosphere system.

The heat balance equation of the earth—atmosphere system has the
form

Oy (1 — a) — Iy = C + By, (3.8

where C = F, + L(E — r), i.e., the sum of heat inflows caused by horizon-
tal motions in the atmosphere and hydrosphere.

For mean annual conditions, B, characterizing the accumulation or
loss of heat over the time period in question, is equal to zero and the heat
inflow C equals the value of the radiation balance of the earth-
atmosphere system. Since the latter value can be determined either from
observational data or by calculations, it is evident that the values of the
horizontal heat redistribution could be found at the same time.

It might be supposed that the values of C are related in a certain way to
the horizontal distribution of the mean troposheric temperature. Taking
into account that air temperature deviations from the mean gradient in the
troposphere are small compared to the geographical variability of temper-
ature, we might think that the mean air temperature in the troposphere is
closely allied to that at the surface of the earth. This assumption is corrob-
orated by comparing monthly temperature means at the earth’s surface
and at the 500-mbar level in different geographical regions and different
seasons (Kagan and Vinnikov, 1970). Thus, it may be anticipated that
there is a relationship between horizontal heat transfer and temperature
distribution near the earth’s surface.

Since the meridional heat transfer takes place from warmer to colder
regions, the value of C seems to depend on T — T,,, where T is the mean
temperature at a given latitude and T, the mean planetary temperature of
the lower air layer. A similar assumption was made by Opik (1953) and
Sawyer (1963, 1967).

To study this relationship, Budyko (1968a) used estimates of the radia-
tion balance of the earth—atmosphere system that were equal to values of
C for mean annual conditions. The conclusion was drawn that values of
R, averaged over latitudinal zones were proportional to the differences
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T—-T,,1e.,
Qs(l - as) - Is = B(T - Tp)s (39)

where 8 = 0.235 kcal cm™2 month™! deg~!. This dependence simplifies the
accounting of meridional heat redistribution in the model of the thermal

regime.
From (3.5) and (3.9) we find that
_90 ~-a) —a+ an+ BT,
T B Db — b . (3.10)

With this equation we can calculate mean annual temperatures at different
latitudes.

The determination of the model’s parameters

The results of calculations of the atmospheric thermal regime depend
strongly on the assumed values of the albedo for the earth—atmosphere
system. Two values of the albedo were used in the calculation (Budyko,
1968a): 0.32 for an ice-free region and 0.62 for the Arctic polar ice region.
The albedo in the polar ice zone was assumed to be constant if the area of
polar ice changed. It was established that the albedo of the earth—
atmosphere system is a function of the angle of incidence of solar rays: it
decreases with increasing angle. But this dependence is comparatively
weak when albedo values are large, i.e., for the ice-covered areas. Also,
with an increase in the areas of ice-covered regions, the albedo tends to
increase due to climatic changes in such regions. These factors were ex-
pected to more or less cancel each other. Therefore, we might restrict
ourselves to taking into account the average albedo in a zone with ice
cover, irrespective of its extent (Budyko, 1969a).

The actual values of the albedo in different latitudinal zones, obtained
by Ellis and Vonder Haar (1976) from satellite observations, are shown in
Fig. 3.8, where curves 1 and 2 represent albedo values for the Northern
and Southern Hemispheres, respectively. The Apy and Agyg latitude belts
correspond to the transitional zones from ice-free to completely ice-
covered regions in each of the hemispheres.

As seen in Fig. 3.8, the Antarctic ice-covered region, which far ex-
ceeds in area the Arctic ice-covered zone, has a higher value of the
average albedo. This shows that in this case the influence of the altitude of
the sun on the albedo is over compensated by the effects of climatic
change over the ice-covered area. The use of Fig. 3.8 data on the albedo
when computing modern temperature distribution presents no problems.
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Fig. 3.8 Dependence of albedo on latitude.

The relationship between albedo values and ice position resulting from
these data can be used for estimating albedo values for varying ice areas.
In both hemispheres, although there is a considerable difference in polar
ice area and in glaciation features, the albedo value for a zone completely
covered by permanent ice is close to 0.6 (in the Southern Hemisphere the
value is a little greater and in the Northern it is somewhat smaller). In
transitional zones where the area is partially covered by ice, the albedo
decreases as distance from the pole increases. These zones cover about
20° of latitude in each of the hemispheres.

It can be predicted that, with changes in ice area, the albedo of the
earth—atmosphere system in a completely ice-covered zone would equal
0.6. The boundary of the zone is assumed to be 10° closer to the pole than
the average position of the margin estimated from the area of ice.

In the transitional zones that cover 20° of latitude, the albedo can be
evaluated by interpolation between the value for a completely ice-covered
zone and that at the interior boundary of the transitional zone, with the
assumption that the albedo of the ice-free zone does not change.

For substantiation of the albedo parametrization with variable ice area,
we should consider the dependence of the latitudinal mean albedo on
cloudiness. Cess (1976) presented data showing an essential increase in
cloud albedo with increased latitude due to a decrease in the zenith angle
of the sun. For this reason, the question arises: to what extent does an
increase in albedo at high latitudes depend on the presence of ice cover
and on the conditions of solar radiation reflection at the top of the clouds?
In discussions of this problem, it should be kept in mind that in high lati-
tudes, over vast ice-covered areas, there are stable regions with high pres-
sure and low temperature and air humidity where there is usually little
cloudiness. The central Antarctic at present and the regions of Quater-
nary glaciations in the past are examples of such climatic conditions. In
this connection, a decrease in the mean albedo over a completely ice-cov-
ered zone seems to be highly improbable with the ice cover moving to
lower latitudes.
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It is conceivable that for a *‘white earth’’ with very low temperatures at
all latitudes, the atmosphere would be practically transparent to radiation.
Therefore, the earth’s albedo would be close to the very high value of the
albedo over clean snow cover (Budyko, 1974).

In computing the latitudinal albedo distribution, we should consider the
position of the average boundary of permanent ice cover, which is depen-
dent on thermal conditions. Since the temperature of the earth’s surface
differs slightly from that of the lower layer of air, it can be supposed that
in the absence of the temperature seasonal march, the boundary of perma-
nent snow and ice cover would coincide on the continents with the 0°C
isotherm. This assumption may be compared with temperature estimates
at the boundary of permanent snow and ice cover in different northern
latitudes. The estimates were obtained from data on the height of the
snow line above sea level in mountains at these latitudes, with mean
values of the vertical temperature gradient taken into account. Figure 3.9
shows the results of this estimation. As is seen, this temperature actually
approaches zero in the equatorial zone. In addition, in higher latitudes
where an appreciable temperature variation takes place in the annual
course, the snow and ice cover boundary corresponds to a negative mean
annual air temperature that reaches — 11°C in high latitudes. Approxi-
mately the same mean annual temperature is observed at the boundary of
permanent ice cover in high latitudes on the oceans.

Taking into account that continental climate conditions prevail over the
ice surface, the mean annual air temperature at the ice-cover boundary in
different latitudinal belts is assumed to correspond to a similar tempera-
ture at the snow boundary on the continents, as presented in Fig. 3.9.

The coefficients entering into the empirical equation (3.5) for determin-
ing longwave radiation were initially obtained from the calculation of
monthly means of outgoing emission in different geographical regions.
These coefficients could also be found by using satellite observations of
outgoing emission (Cess, 1976). Similar computations were carried out by
Vinnikov and Beeva, using more accurate data on cloud cover for differ-
ent latitudinal zones. Taking their results into account, (3.5) can be rep-
resented in the form

I, =162 + 0.106T — 4.75n, (3.11)

where [ is in kilocalories per square centimeter month, T in degrees Cel-
sius, and n the cloudiness measured in fractions of a unit.

The coefficient 8 in Eq. (3.9) was calculated from data on the relation-
ship between (T — T,) (the temperature difference between individual la-
titudinal belts and the earth as a whole) and C in Eq. (3.8) (the value of
meridional heat redistribution, equal for average annual conditions to the
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Fig. 3.9 Dependence of temperature at the snow and ice cover boundary on latitude.

radiation balance of the earth—atmosphere system as known from satellite
observations). The corresponding dependence obtained from the calcu-
lated data of C by (3.11) is given in Fig. 3.10 with points depicting the
values for every 10° of latitude, except for the Antarctic ice sheet, the sur-
face of which is high above sea level. As seen from this figure, the hypoth-
esis that values of C are proportional to those of T — T, is well corrobo-
rated by empirical data, the coefficient 8 being 0.232 kcal cm™2 yr-! deg™.
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Fig. 3.10 Dependence of meridional heat redistribution on the difference between mean
latitudinal and mean planetary temperatures.
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This value coincides almost exactly with that obtained earlier (Budyko,
1968a).

The distribution of mean air temperatures at different latitudes can be
computed by using values of the above parameters. The results of this
computation are plotted in Fig. 3.11 as curve 1. Comparing them with the
empirical data (curve 2) shows that the mean deviation of the measured
and calculated values is 1.2°. This value is small compared with the range
of variations in the mean latitudinal air temperatures, indicating a satisfac-
tory description of real climate conditions by the model used.

Figure 3.11 does not show the values of mean air temperature at the
earth’s surface in central Antarctica, where this temperature is consider-
ably lower than the results calculated using the model of the thermal re-
gime. This difference is due to the high elevation of this region and the
lack of heat transfer by oceanic currents in this zone.

The model for different seasons

To study the thermal regime of the atmosphere over different seasons,
the above model should be modified, taking into account several addi-
tional factors.

A model was suggested (Budyko and Vasishcheva (1971) in which the
heat-balance equation of the earth—atmosphere system is used in the form
Ol — agy) — Iy = Cy, + By, (3.12)

Qsc(1 - ag) — I = C; — By, (3.13)

where B, is the gain or loss of heat due to cooling or warming of the earth—
atmosphere system, determined basically by the process of cooling or
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Fig. 3.11 Mean latitudinal temperature distribution.
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warming of the ocean. The values referring to warm and cold seasons are
indicated by subscripts w and ¢, respectively.

The values of 7, and C were determined by (3.5), (3.8), and (3.9), intro-
ducing an additional term characterizing a change in heat content in the
earth—atmosphere system.

Equation (3.9) could be used in this case because of a correlation be-
tween the values of the meridional heat redistribution for the individual
seasons, obtained from data on the heat balance of the earth—atmosphere
system, and the corresponding differences in air temperature near the
earth’s surface. As a consequence, it was established that the dependence
C = B(T — T,) also holds for individual seasons, the coefficient of propor-
tionality 8 increasing somewhat for the cold half-year and decreasing for
the warm one. This coefficient has the same value in both hemispheres in
the warm period of the year. In the cold season, it is greater in the South-
ern Hemisphere.

The value of B, can be found by the formula

Bs = S'Y(Tow - TOC)’ (314)

where T, and T,. are the mean latitudinal temperatures of the surface of
the ocean in the warm and cold seasons, s the ratio of the area of the
oceans in a given latitudinal belt to the total area of the belt, and y the
dimensional coefficient.

For the computation of the temperature of the ocean surface, the heat-
balance equation of the surface of the ocean was used in the form

Row = LE,, + Py, + (BJ/s), (3.15)
RochEc+Pc_(Bs/s)+Foa (316)

where R, is the radiation balance of the ocean surface, LE the outgo of
heat for evaporation, P the turbulent heat flux between the surface of the
ocean and the atmosphere, and F, the heat transfer by sea currents,
which, as empirical data show, is mainly important in the cold season
when its absolute value is comparable to that of the radiation balance.

To determine the values of LE, P, and F,, the following approximate
relationships are used:

LE = fT,, (3.17)
P=cT, - 1), (3.18)
F,=p8'T. — Ty, (3.19)

where T, is the temperature of the ocean water surface in degrees Celsius
and T, the air temperature for the cold season.
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These equations are obtained by simplifying the formulas describing the
heat exchange processes in the upper layers of the ocean and at its sur-
face. Equation (3.19) was obtained by a method similar to that used to
derive the equation C = (T — T,).

Equation (3.17) was derived in the following way. The known equation
for evaporation,

E = A(w)g, — @) (3.20)

(where g, is the specific air humidity for saturated air at the temperature
of the ocean surface, g the specific air humidity, and A(v) a coefficient
dependent on wind speed) was somewhat simplified for approximate cal-
culations. If the dependence of the coefficient A on wind speed v and the
deviations of ¢g/q, from an average value are neglected, then, using the re-
lationship between the saturated value of humidity and the temperature,
we obtain the approximate relationship (3.17).

The above formulas are simplified because in the calculation we use
only values of the heat-balance components averaged over latitude and
seasons and because the calculated results of the temperature distribu-
tion, as seen from data of numerical experiments, depend comparatively
little on errors in determining the indicated heat-balance components.

This makes it possible to neglect the effects on evaporation of changes,
for example, in relative air humidity over the oceans and in wind speed at
different latitude belts, when determining the heat outgo for evaporation
from the ocean surface. This simplifies the technique of calculating the air
temperature and has comparatively little effect on the accuracy of the re-
sults obtained.

Numerical coefficients in these equations have the following values (for
determining the heat fluxes in kilocalories per square centimeter month):
vy =130, f=04, By, = 0.22, B. = 0.27 for the Northern Hemisphere
south of the mean boundary of Arctic ice, 8. = 0.40 for the Southern
Hemisphere north of the mean boundary of Antarctic ice, 8, = 0.22 for
ice-covered zones, 8’ = 0.14 for the Northern Hemisphere, 8’ = 0.20 for
the Southern Hemisphere, and ¢ = 0.84.

From the given relationships we can derive Egs. (3.21) and (3.22),
shown on p. 87, for determining the mean latitudinal temperatures in the
Northern Hemisphere.

In these and subsequent equations the subscripts to T, Q,, #, a,, R, and
s mean that the values refer to: p, the entire planet; 1, the warm half-year
in the Northern Hemisphere and the cold half-year in the Southern Hemi-
sphere; 2, the cold half-year in the Northern Hemisphere and the warm
half-year in the Southern Hemisphere. Equations (3.21) and (3.22) can be
also used for calculating mean latitudinal temperatures in the Southern
Hemisphere.
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For an ice-covered zone, Equations (3.21) and (3.22) can be simplified.
Taking into account that in this zone the annual variation of heat content
in the earth—atmosphere system is insignificant and meridional heat
transfer by currents is small or equals zero, we find that the following
equations can be used:

_ st(] — Ogy) —a + an, + Bprl — I

T, = o , (3.23)
_Qsc(1 J)—a+ +ﬂTDZ+lh

T, - blnc + 3. - (3.24)

where /h is the income (or outgo) of heat due to cooling (or warming) of
the ice cover and freezing (or melting) of ice.

Since the value of /4 is comparatively small, we restrict ourselves by
considering its mean for all latitude belts, 0.8 kcal cm~2 month*.

To determine mean planetary temperatures, we use equations derived
from (3.21) and (3.22), taking into account that for the planet as a whole
the meridional heat exchange is equal to zero:

s
o Qspl(1 - aspl) —a+ ahy, —fj%-%g (Ropl - RDDZ)
i b — bon Y5,C vyspclb — bingy)
el f+ c+2y (f+ ¢+ 2y)b — bny)
Y€ ‘:_Q_SPL(I A1) T Qupa(l — @) — 2a + ayn,,, + alnm)]
+f+C+2’y b_blnp2
b— bun yS,C n v$pc(b — bynyy) ’
1"p1 f+ C + 2’)’ (f"l’ C + 2'y)(b - blnpz)
(3.25)
s
Ll o) —a i e 3y Romt = Ruo)
oz b _ blnpz ’ySp + ysjﬂb blnpz)

'ySpC |:Q5p1(1 - am) + QSD2(1 - aspz) - 2a + alnpl + alnpz:l
Tty b by,
YSpC i vspcb — byngs)
frc+2y (f+c+2y)b — binyy)

b - blnpg

(3.26)

By using (3.21)-(3.26) we have calculated the distribution of mean lati-
tudinal temperatures for each season. In this calculation, it was assumed
that the boundary of polar ice corresponded to the mean latitude where
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the temperature in the warm half-year equals — 1°C. The albedo of the
earth—atmosphere system in the polar ice zone was assumed to be 0.62
for the Northern Hemisphere and 0.72 for the Southern Hemisphere. The
albedo of those latitude zones where there is no permanent snow and ice
cover was found from satellite observations (Raschke et al., 1968).

When determining the total radiation coming to the top of the tropo-
sphere, the radiation flux incident on an element of the surface perpendic-
ular to a ray of the sun (meteorological solar constant) was taken as 1.92
cal cm™2 min~'. Mean latitudinal values of the radiation balance at the sur-
face of the ocean were taken from Budyko (1963).

The calculated results are shown in Fig. 3.12. For comparison, the fig-
ure also shows the distribution of mean latitudinal temperatures obtained
from observational data. As can be seen, the discrepancy between mea-
sured and computed temperatures at different latitudes in most cases does
not exceed 1 to 2°.
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Fig. 3.12 Mean latitudinal temperature distribution for two seasons: (a) the warm half-year
in the Northern Hemisphere; (b) the cold half-year in the Northern Hemisphere; curve 1, ob-
served data; curve 2, calculated results.
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3.3 THE INFLUENCE OF HEAT INCOME
ON THE THERMAL REGIME

Variations in the solar constant

Among the most general characteristics of the process of climatic
change is the dependence of the mean air temperature near the earth’s
surface on heat inflow.

In studying this dependence, it is advisable to consider initially the
dependence of the mean air temperature on solar constant variations.
Chapter 4 deals with the question of variations in the astronomical solar
constant. Here we mention only that, even if this value is invariable, cli-
matic fluctuations may occur because of the variability of stratospheric
transparency. This leads to variations in the so-called meteorological
solar constant, i.e., the flux of solar energy coming to the upper boundary
of the troposphere.

To evaluate the sensitivity of the thermal regime to variations in heat in-
come, the parameter AT, is frequently used. It corresponds to the in-
crease or decrease of the mean air temperature near the earth’s surface
produced by a 1% change in the solar constant. Table 3.6 presents values
of AT, obtained by different methods.

Manabe and Wetherald (1967) were the first to evaluate realistically the
sensitivity of the thermal regime to heat income variations. They took into
account an important feedback among the air temperature, absolute
humidity, and outgoing longwave emission, thus changing the value of
AT, as compared with the previous estimates obtained without consider-
ing this feedback.

Another method of estimating AT, can be applied, based on Budyko
(1968a) mentioned above, in which an empirical formula relates the value
of outgoing longwave emission to the air temperature near the earth’s sur-

Table 3.6
The Sensitivity of the Thermal Regime to Heat Income Variations (AT,)
Parametrized Models of atmospheric Materials on Satellite observations
models general circulation climate change of outgoing radiation
(MW, 1967) 1.2°¢ (WM, 1975) 1.5° (B, 1969a) 1.1° (B, 1975) 1.1-1.4°
(B, 1968a) 1.5° (B, 1977b) 1.2° (C, 1976) 1.45°

(B, 1979a) 1.4°

@ These values are obtained in the references listed. The letters denote the authors:
MW, Manabe and Wetherald; WM, Wetherald and Manabe; B, Budyko; C, Cess.
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face. This equation was introduced into a numerical model of the atmo-
spheric thermal regime that allowed us to take into account the influence
on air temperature of the feedback from the polar ice position. This effect
operates mainly over long-term spans; therefore, it can be neglected when
computing AT, for present-day climatic changes where the duration does
not exceed several decades. The AT, value obtained in Budyko (1968a) is
1.5°. When the parameters of the formula for outgoing emission were im-
proved by using satellite data, AT, proved to be 1.4° (Budyko, 1979b).

Until recently it has not been clear to what extent we can neglect the
air-temperature —cloudiness feedback when estimating the sensitivity of
climate. Variations in cloudiness lead to changes in the amount of ab-
sorbed solar radiation and outgoing longwave emission. The author car-
ried out calculations showing that this feedback is of little importance for
mean global conditions (Budyko, 1971). The formula for the earth’s mean
temperature is used in this calculation,

1
Tp = g——_—b:’; [QSD(I - asp) —a+ all’l], (3.27)

which follows from (3.5) and (3.7). This equation is solved within the
limits of the actual variability of mean monthly temperatures at the earth’s
surface, with its accuracy depending on that of (3.5). It should be kept in
mind that in accordance with the structure of (3.27), the accuracy of tem-
perature calculations under great cloudiness (n close to 1) decreases con-
siderably as compared to calculations for little and medium cloudiness.
Although this restricts the possibilities of using (3.27), we can draw some
conclusions from this formula about the effect of cloudiness on the
thermal regime of the lower air layers.

For this purpose the dependence of the albedo on cloudiness should be
taken into account. This dependence can be expressed as

Qg = Ognll + aso(l - f’l), (328)

where ay, and a, are the albedo of the earth—-atmosphere system with and
without cloudiness, respectively.
From (3.27) and (3.28) we have

1
T, = m{Qsp[l —= gl — gep(l — m] —a + an}.  (3.29)

According to the technique used when constructing the maps in
Budyko (1963), we assume that

agp = 0.66c + 0.10, (3.30)
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where « is the earth’s surface albedo. Then we find that the mean value of
i, for the Northern Hemisphere is 0.20. Thus, from (3.28) we obtain that
if a, = 0.33 and » = 0.50, the mean value of a,, = 0.46.

Considering the values of ag, and a,,, obtained using (3.29), we find
that for the mean planetary value of Q,, the effect of cloudiness on tem-
perature is comparatively small and seems to lie within the range of accu-
racy of the calculation which in this case is not high.

Schneider (1972) analyzed the effect of cloudiness on air surface tem-
perature in more detail. He concluded that this effect depends strongly on
the height of the upper boundary of the clouds. Since the relationship be-
tween the height of clouds and the air temperature has not been suffi-
ciently studied, Schneider concluded that it is difficult to establish the sign
of the effect of variations in cloudiness on air temperature.

Obviously, it is easier to solve this problem for individual regions and
seasons than for mean global conditions. From the semiempirical theory
of the atmospheric thermal regime, Schneider’s equations, and a number
of numerical models of climate theory, it follows that, for small values of
solar radiation, clouds as a rule elevate the temperature near the earth’s
surface and, for large values of radiation, they lower this temperature.

It should be kept in mind that the cloudiness—air-temperature feedback
for mean global conditions will appear with two dependences—air tem-
perature on cloudiness, and cloudiness on air temperature.

Let us consider the second of these.

It can be seen from comparison of the distributions of cloud cover and
air surface temperature that there is no simple relationship between these
elements of climate. The lowest values of cloudiness are observed over
the oceans and the continents, both in the region of high pressure belts
covering a considerable part of the tropics and subtropics and in vast in-
tracontinental territories in middle and high latitudes during the cold sea-
sons. In the first case the air surface temperature is comparatively high, in
the second it is very low.

Large values of cloudiness can occur both at high air temperatures
(equatorial regions) and at comparatively low winter temperatures in mid-
dle latitudes in regions with marine climate.

Some dependence of the annual course of cloudiness on air temperature
is evident, with large spatial averaging. Mean cloudiness for the Northern
and Southern Hemispheres varies, as was shown by Berlyand and Stro-
kina (1975), reaching a maximum during the warm season. These varia-
tions in cloudiness are, however, small and make up only several percent
of its mean value.

Using the above data, it is difficult to draw a definite conclusion about
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the existence of a cloudiness—air-temperature dependence for mean
global conditions.

Such a dependence has been recently introduced into some numerical
models of climate theory, e.g., the model constructed by Paltridge (1974).
Using the heat-balance equations, Paltridge obtained the dependence of
the mean surface temperature on the solar constant with varying cloudi-
ness. Since the number of exact heat-balance equations is insufficient for
the determination of an additional variable—cloudiness—Paltridge
added to them an equation that has no clear physical sense, which allowed
the cloudiness—temperature dependence to be expressed quantitatively.
Using these equations, Paltridge obtained A7, = 0.35°; i.e., AT, proved to
be considerably smaller than for the earth without an atmosphere.

Paltridge found that in January, when the earth is closest to the sun, the
mean global surface temperature should be 2° higher than in July and the
mean cloudiness should be increased by 0.05.

As seen from observed data, his conclusions were wrong. The mean air
temperature near the earth’s surface in January is 3° lower than in July
and cloudiness in these two months is practically the same.

However, of primary importance is a check, not of these particular con-
clusions drawn from Paltridge’s model, but of the AT, value obtained,
which differs considerably from the above estimates for an atmosphere
with constant cloudiness.

Weare and Snell (1974) also endeavored to take into account the air-
temperature —cloudiness dependence. They calculated the thermal regime
for mean global conditions, assuming that a thin cloud layer existed with
properties determined by thermodynamic relationships and depending on
temperature. Although the authors incorporated feedback between the
thermal regime and the position of the ice and snow cover into their
model, considerably increasing the climate’s sensitivity to variations in
the solar constant, the AT, value obtained turned out to be 0.7°; i.e., it was
noticeably smaller than in the models disregarding the air-temperature—
cloudiness feedback. The extremely simplified method for simulating
cloud cover that was used by Weare and Snell made it difficult to estimate
the accuracy of the result obtained.

This study has been further developed in papers by Temkin et al.
(1975), Temkin and Snell (1976), and Lee and Snell (1977) that also con-
sider the strong negative feedback between air temperature and cloudi-
ness that appreciably decreases the sensitivity of the thermal regime to
variations in heat inflow.

From our point of view, it is necessary to use empirical data (Budyko,
1975) to estimate the dependence of the mean surface temperature on
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radiation inflow for the real atmosphere. For this purpose we use the equa-
tion of heat balance for the terrestrial globe with solar constant S,

S0 - =1, (3.31)
as well as with § + AS,
i§ + ASY1 — « — Ao) = [, + AL, (3.32)

where Ax and Al are the corresponding variations in albedo and outgoing
emission. From (3.31) and (3.32) we find

AS(1 — a — Aa) — S Aa = 4 Al. (3.33)

We assume that within the range AT of air temperature change, Aa =
A AT and A, = B AT and also that |Ae| << 1 — «. In this case,

AT/AS = (1 — a)/(SA + 4B). (3.34)

The value of B can be determined from satellite observations of the out-
going longwave emission.

Figure 3.13 shows data from Nimbus 3 (Raschke et al., 1973) on out-
going emission in the Northern and Southern Hemispheres for different
seasons plotted against the mean air temperature near the earth’s surface
for the same periods. From Fig. 3.13 it follows that the values under con-
sideration are closely connected. This dependence is an almost linear one
that justifies the above hypothesis about the dependence of outgoing
emission on temperature.

From Fig. 3.13 we find that B = 0.0024 cal cm™2 min~! deg~'. Similar
satellite observation data for 1962-1966 (Vonder Haar and Suomi, 1971)
give almost the same value for B.

If the albedo of the earth—-atmosphere system is 0.3 and does not de-
pend on the air temperature (A = 0), then from (3.34) with B given above,

I (cal cm-2 min-1)

0.37 —

0.36
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0.34

l J
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Fig. 3.13 Dependence of outgoing radiation on air temperature; 1, Northern Hemisphere;
2, Southern Hemisphere.
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we find AT, = 1.4°. This value agrees well with the above estimates ob-
tained from models of the thermal regime of the atmosphere with constant
cloudiness.

It is difficult to determine A from satellite observation data. Data of ob-
servations for the 1962—1966 period show that there is no correlation be-
tween the albedo and the mean air temperature for individual months in
the Northern and Southern Hemispheres. This conclusion can probably
be explained by insufficient accuracy of these observations.

The Nimbus 3 observation data (Raschke et al., 1973) reveal some cor-
relation between mean values of the albedo and the temperature, but the
points on the diagram are too scattered to determine exactly a parameter
describing this rather weak dependence.

In addition, the dependence of the albedo on the air temperature in the
Northern and Southern Hemispheres as derived from satellite data may
be determined largely by the annual course of radiation in high latitudes
rather than by the cloudiness effect of temperature.

Since polar ice cover reflects an appreciable amount of radiation in
summer, there is an increase in the albedo for the entire hemisphere dur-
ing the warm season. Because of this effect, we are restricted to using sat-
ellite data for studying the dependence in question.

When evaluating the influence of temperature on the average albedo for
both hemispheres, we can use the data on the annual cycle of cloudiness
from Berlyand and Strokina (1975).

From (3.28) we find that the change in albedo with variations in cloud
cover is

Aa = (o, — ay) An. (3.35)

Using this equation we can calculate the deviation of the albedo from its
annual mean for different months and both hemispheres and compare
them with the deviation of the average surface temperature from its an-
nual mean for each hemisphere and for the same months. This compari-
son shows that the relationship between cloudiness and temperature
anomalies is not close.

The value of parameter A obtained by this analysis is 0.00125 deg™';
then from (3.34) we find AT, = 1.1°. It should be noted that the accuracy
of the determination of A by this method is not high. The conclusion that
SA is considerably less than 4B, i.e., that the cloudiness—temperature
feedback does not have much effect on the dependence between the mean
hemispheric air temperature and solar radiation inflow, seems to be the
main result in this case.

Cess (1976) also used satellite data when studying the effects of varia-
tions in cloudiness on the dependence between air temperature and heat
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income. Using the outgoing emission measurements of Ellis and Vonder
Haar (1976), Cess determined the empirical coefficients of (3.5) and then
used this formula, together with the heat-balance equation of the earth—
atmosphere system, for computing AT, values. Thus, AT, was found to be
1.45° for the Northern Hemisphere and the influence on it of the cloudi-
ness—temperature feedback was insignificant. This feedback, as Cess
showed, was also of no importance for individual latitudinal zones, except
for a comparatively small region at high latitudes.

Values of AT, have recently been obtained using one of the theories of
atmospheric general circulation by Wetherald and Manabe (1975). From
this study, the value of AT, relating to an increase in the solar constant
can be compared with the above estimates. (In this case, as opposed to
that of a decrease in solar constant, the effects on AT, of the feedback
between the thermal regime and the polar ice position are fairly small.)
Here AT, proved to be 1.5°. Afterwards, Manabe (1976) calculated the
sensitivity of the climate, taking variations in cloudiness into account in a
similar model. The value of AT, proved to be slightly affected by these
variations.

Similar values of AT, were obtained in a number of other studies. In
particular, from data on the secular trend of the mean air temperature in
the Northern Hemisphere and the direct radiation under a clear sky, AT,
values were found to be 1.1-1.2° (Budyko, 1969a, 1977b). The method for
determining these values is set forth in the following chapters.

We note that when these values were computed, the thermal inertia ef-
fects of the earth—-atmosphere system on mean air temperature variations
were not taken into account. The assumption that such effects are insig-
nificant leads to some understating of the AT; values.

Thus, at present there are four independent approaches to estimating
the sensitivity of the thermal regime to mean global conditions that give
almost coinciding results, permitting the indicated estimates to be used in
calculating climatic changes.

All the values of the AT, parameter included in Table 3.6 refer to cases
where there is no effect from feedback between the thermal regime and
the polar ice position or the feedback effect is comparatively weak.

The above data show that in this case a realistic AT, value lies within
the 1.1° to 1.5° range, probably closer to 1.5°.

There are several studies in which the air-temperature—cloudiness
feedback is introduced into simplified thermal models of the atmosphere,
with the result that AT, decreases noticeably. As mentioned above, these
models are evidently unrealistic insofar as the conclusions drawn from
them are contrary to both the calculated results obtained from the most
detailed models of climate theory (Manabe, 1976) and the empirical anal-
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ysis of the effect of cloudiness on the thermal regime carried out using
satellite observations (Budyko, 1975; Cess, 1976).

To study the regularities of climatic fluctuations in the geological past it
is necessary to estimate the dependence of the mean air temperature on
variations in heat income as the ice-covered area changes in accordance
with thermal conditions.

As the ice-covered area grows, the albedo of the earth increases. There-
fore, it is evident that AT, referring to this case, should exceed AT].

Thus, the AT; parameter derived from the semiempirical thermal model
should depend on the parametrizations of latitudinal albedo distribution.
Table 3.7 presents the calculated results of this dependence (Budyko,
1979b).

In Table 3.7 a, is the albedo over an ice-free zone, «; = a;(p) denotes
the variations of the albedo at various latitudes from the data of Ellis and
Vonder Haar, and «, is the albedo over an ice-covered zone. In A and B
the albedo at the ice boundary is assumed to change abruptly; in C and D
it is assumed to change within a 20° wide transition zone. The ice bound-
ary in A, B, and C corresponds to T, = — 11°C; in D it varies with latitude
in accordance with the relationship presented in Fig. 3.9.

Data in Table 3.7 are obtained by computing outgoing radiation using
Eq. (3.11). They correspond to the case of a decreasing solar constant and
refer to Northern Hemisphere conditions.

The data presented in Table 3.7 show that AT; appears to vary from
1.59 to 3.9° depending on the albedo parametrization methods used in a
semiempirical model of the atmospheric thermal regime. Maximum and
minimum values of this parameter apparently refer to cases of less valid
assumptions of albedo values and therefore do not correspond to the con-
ditions of a real climate. The most valid albedo parametrization is utilized

Table 3.7
The Influence of Albedo Parametrization on the Sensitivity of the
Thermal Regime to Heat Income

Albedo
oy [ Transition zone To(@) CC)  ATi () Ag, (%)
A 032 0.62 None —11 3.9 2.1
B a;(¢) 0.60 None -11 1.90 4.3
0.55 None -11 1.65 5.5
C ai(e) 0.60 20° ~11 1.73 7.3
0.55 20° —11 1.59 10.3
D o) 0.60 20° To(w) 33 3.2

0.55 20° To(e) 2.0 5.0
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in calculating D, in which AT} is found to be 2.0-3.3°. Taking into account
that the accuracy of the available data on the albedo in high latitudes is
limited, it is unlikely that this temperature range can be narrowed on the
basis of calculations from a climatic model. By using the same semiem-
pirical thermal model of the atmosphere and taking into account the al-
bedo dependence on the angle of incidence of solar rays, Lian and Cess
(1977) have found AT, to be 1.85°. This value seems to be somewhat un-
derestimated because it disregards the contribution of the dependence of
the albedo on climatic variations over an ice-covered region.

Cess further noted that the AT; parameter could increase considerably
in the case of a decrease in heat influx caused by surface albedo variations
on the continents as a result of an increase in the area of arid zones. This
effect seemed to appear during the development of the Quaternary glacia-
tions (refer to Chapter 4). The quantitative estimation of such a change in
AT; presents a complicated problem because of the necessity of evaluat-
ing the state of plant cover as the climate changes. Some results of study-
ing this effect are given below.

Because of the difficulty of determining AT} using models, the empirical
evaluation of this parameter is of some interest. For this purpose data on
mean air temperature variations in the Northern Hemisphere can be com-
pared with those on CO, concentration fluctuations during the present
time and the Neogene (Budyko, 1977b).

From this comparison it follows that AT./AT, = 1.5, where AT, is the
mean air temperature variation as a result of doubling the CO, concentra-
tion with a corresponding change in the polar ice area and AT, is the mean
air temperature variation due to doubling of the CO, concentration with a
constant polar ice area. Assuming that AT;/AT, = 1.5 also, and that
AT, = 1.4-1.5°, we find that AT; = 2.2°. Unfortunately, the accuracy of
this calculation is limited. Thus, AT; may have been 2—-3° for the Northern
Hemisphere and somewhat higher in the Southern Hemisphere.

From the available estimates of the AT; and AT; parameters, it follows
that the mean air temperature at the earth’s surface changes more with
heat income variation than would the temperature of a blackbody in a vac-
uum, for which the value of a similar parameter is ~0.6°C. The studies
carried out have shown that, unless this effect is considered, the physical
mechanism of contemporary and past climatic changes cannot be ex-
plained.

To study climatic changes it is necessary to know, in addition to the AT,
and AT; estimates, how the mean latitudinal air temperature distribution
varies with warming and cooling. A diagram has been constructed
(Budyko, 1974) showing the agreement between mean temperature varia-
tions at different latitudes with a 2% solar constant increase calculated by
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Fig. 3.14 Temperature variations at different latitudes.

a semiempirical theory of the thermal regime and by the Wetherald—Man-
abe model of the atmospheric general circulation. Although the agreement
between results obtained by various models is very important for estimat-
ing their reliability, it is desirable to compare them with empirical data on
variations in the mean latitudinal temperature distribution with climatic
fluctuations.

Vinnikov and Groisman (1979) have constructed a graph (Fig. 3.14,
curve 3) of the relative values of temperature variations at different lati-
tudes, assuming AT; = 1.5°. The values obtained from a semiempirical
theory of the thermal regime are presented as curve 1 and values from the
Wetherald —Manabe model as curve 2. As we can see, curve 3 is rather
close to curves 1 and 2. Less intense global warming in high latitudes as
indicated by curve 3 may be due to nonstationary heating of the earth—at-
mosphere system.

Calculations following different climate models and the empirical data
indicate that the temperature meridional gradient increases with cooling.
This conclusion, confirmed by three independent methods, is important
for understanding the mechanism of the variations of atmospheric general
circulation with climatic changes.

Variations in CO, concentration

The influence of CO, concentration on the atmospheric thermal regime
has been studied in the past by many authors, who obtained differing re-
sults (Schneider, 1975). Results that are rather close to each other have
recently been obtained using different climatic theories. Figure 3.15
shows the variations in the mean air temperature at the earth’s surface at
different latitudes when the CO, concentration is doubled. These esti-
mates are carried out using two semiempirical models of the atmospheric
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thermal regime with different parametrizations of the CO, effect on out-
going radiation (curves 1 and 2, Budyko, 1974) and the model of atmo-
spheric general circulation (curve 3, Manabe and Wetherald, 1975).

From the results obtained we can determine the value of AT, that corre-
sponds to an increase in the mean temperature of the lower air layers
when the CO, concentration changes from 0.03 to 0.06%. From semiem-
pirical models we find that AT, = 2.5-3.5° over the Northern Hemi-
sphere. This result can be compared with that derived from the model of
atmospheric general circulation. Manabe and Wetherald (1975) have
found AT, = 2.9°. Later they found it to be equal to 3° (Manabe and Weth-
erald, 1980).

Satisfactory agreement between these estimates and the results derived
from semiempirical models does not exclude the necessity of an addi-
tional check of the AT, values because of the great practical importance of
the air temperature dependence on CO, concentration.

Although the current CO, concentration variations have not yet led to
great climatic changes that could be easily revealed from observed meteo-
rological data, the AT, value can be estimated from data on air tempera-
ture variations over the last 100 years. Mean air temperatures in the
Northern Hemisphere over the 1881-1890 and 1961-1970 periods
(Budyko, 1977b) have been compared. From radiation observations it has
been established that the mean atmospheric transparency during these
two periods was practically the same, therefore the temperature differ-
ence in this case depended mainly on the growth of CO, concentration.
Calculations of variations in atmospheric CO, concentration showed that
during the second period it was 10% higher than during the first. The mean
air temperature during the second period was 0.5° higher than during the
first.

Taking into account that, because of the nonlinearity of the air tempera-
ture dependence on CQO, concentration, the temperature rise amounts to
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15% of AT, when there is a 10% increase in CO, concentration, AT, was
found from the above data to be 3.3°.

As a result of studies of atmospheric evolution in the past, a new ap-
proach to estimating mean air temperature dependence on CO, concentra-
tion has recently become possible.

Using the available data on variations in atmospheric chemical compo-
sition set forth in Chapter 2, we may compare past CO, concentrations
with the corresponding values of the mean air temperature. For this pur-
pose, the data presented on palaeoclimatic maps compiled by Sinitsyn
(1965) have been used. Since these maps cover mainly the extratropical
zone in the eastern part of the Northern Hemisphere, in order to deter-
mine the temperature difference for the entire hemisphere, we have ap-
plied the method based on empirical data, showing the dependence of the
relative values of mean air temperature variations on latitude.

An empirical dependence between temperature difference and CO,
concentration is shown in Fig. 3.16. The plot is constructed from data for
different periods of the Tertiary and the present time. As seen, the tem-
perature difference corresponding to a CO, concentration twice the pres-
ent value is 4.8°. In comparing these values, we should remember that
they will differ because of temperature-field —surface-albedo feedback ef-
fects.

Since the AT, obtained from the paleoclimatic maps characterizes long-
term climatic changes, it corresponds to the case when the continental ice
sheets as well as the sea ice varied in accordance with thermal regime
fluctuations. In addition, as the temperature increased, the albedo of the
continental surface changed because of increased precipitation (see Chap-
ters 4 and 6). As palaeogeographic data show, because of varying mois-
ture conditions during warmer periods, dry steppe and desert areas
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Fig. 3.16 Carbon dioxide concentration effects on air temperature during the Neogene.
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decreased and forest areas increased. This led to a reduction in the
continental surface albedo.

Thus AT, must exceed the AT, of present-day climatic changes; then the
surface albedo varies relatively little.

It should be mentioned that the difference between AT, and AT, charac-
terizing climatic changes in the past and the present, can be estimated
using the following considerations.

From palaeoclimatic data it follows that during the period when the CO,
concentration exceeded twice the present-day concentration, the area of
the continental ice sheets was less than at present. This decreased the
earth’s albedo. In addition, during this warmer period the earth’s albedo
was reduced by forest expansion on the land, the albedo being less than
the reflectivity of deserts and steppes.

Taking into account the results of calculating variations in the continen-
tal albedo, we can conclude that the factors indicated above had to cause
an increase of ~ 1° in the mean air surface temperature. If we decrease the
AT, estimate given above by this value, the corresponding value of AT,
appears to be 3.8°.

One more method for determining the AT, parameter from empirical
data can be used. From the above-mentioned calculations using semiem-
pirical climate and atmospheric general circulation models (Manabe and
Wetherald, 1980), it can be concluded that the temperature rise resulting
from doubling the present atmospheric CO, concentration is almost ex-
actly twice the temperature elevation resulting from a 1% increase in the
solar constant. Taking this into account and assuming that AT, = 1.45°
obtained from satellite observations of outgoing emission (Cess, 1976), we
find that AT, = 2.9°.

All the AT, values given above are presented in Table 3.8. Because of
the good agreement between all the AT, values, it can be concluded that
the value of AT, is close to 3°.

Note that the temperature-raising effects of surface albedo variations

Table 3.8
Mean Air Temperature Variations with Doubled CO, Concentration (AT,)

Empirical data

Data on
Climate models climate change
Parametrized Models of general Present- Satellite observations
models atmospheric circulation day Past of outgoing emission

2.5-3.5°C 3.0°C 3.3°C 3.8°C 2.9°C
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due to the shrinkage of polar ice cover observed at present are taken into
account when applying all the methods except the last one for determina-
tion of AT, . In this connection the AT, parameter for the case of constant
surface albedo must be less than the value given in Table 3.8 by several
tenths of a degree. Thus, the value of AT, for these conditions was found
to be 2.4° (Manabe and Wetherald, 1967). Augustsson and Ramanathan
(1977) found that AT, for different versions of the models used varied from
2.0 to 3.2°, with an average of 2.6°.

Unambiguity of climate

The question of the unambiguity of the present-day climate can be stud-
ied using the aforementioned semiempirical theory of the atmospheric
thermal regime.

Lorenz (1968) investigated this question after analyzing the equations
of climatic theory. He found two different solutions of these equations.
The first gives one type of stable climate, by averaging the instantaneous
states of meteorological element fields over long periods of time. This cli-
mate, called ‘‘transitive’’ by Lorenz, is the only one possible under the
external conditions in question. The second solution gives several types
of stable climate occurring under the same external conditions (intransi-
tive climate).

Lorenz suggested an interesting idea that the present climate might be
‘‘almost intransitive,”’ i.e., the climate postulated for a long-term but fi-
nite period of time could depend on initial conditions. Therefore, it could
vary over different periods of time with constant external factors. The
question whether the present-day climate is ‘‘almost intransitive’’ re-
mains unsolved.

To clear up the question of unambiguity of climate we have used a
semiempirical model of the atmospheric thermal regime and calculated
the dependence of the average latitudinal boundary of polar ice cover in
the Northern Hemisphere on the inflow of radiative energy at the top of
the atmosphere for mean annual conditions (Budyko, 1974). This depen-
dence is presented in Fig. 3.17, where AQ,,/ O, denotes the relative varia-
tion in solar radiation inflow at the top of the atmosphere expressed as a
percentage and ¢ is the average latitudinal boundary of ice cover in the
Northern Hemisphere.

The relationship between ¢ and AQ,,/Q,, is presented as a graph that
demonstrates its ambiguity and considerable variation, depending on the
increase or decrease of heat inflow at the top of the atmosphere.

First we consider the case in which heat inflow increases from some
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initial small value. In this case, the earth is completely covered with ice
(¢ = 0°) that remains until the heat inflow reaches its present value (point
1) or exceeds it by 30-40% (point A). The glaciation in this case (A) is
unstable and disappears with a small increase in heat income (A’). Further
heat income growth maintains ice-free conditions.

When the heat inflow decreases from some initial value considerably
larger than the solar constant, ice-free conditions are first observed (¢ =
90°). At point E, close to the modern value of the heat income, polar gla-
ciation begins, rapidly growing with decreasing heat income. Point 3 cor-
responds to the present-day climatic regime. With a decrease in heat in-
come of 2% of its present value, the ice sheet would reach 50°N (point B).
This glaciation regime is unstable and with a small reduction in heat in-
come the earth would be completely covered with ice (B'), which would
remain with further lowering of the heat income.

From the foregoing model we can also derive the dependence between
¢ and AQ,,/Q,, presented by the curve AB. Since this curve shows an
increase in ¢ when AQ,,,/Q;, decreases (and vice versa), we believe it may
represent unstable glaciation regimes that convert into regimes of full gla-
ciation or none with small heat income fluctuations. Therefore, point 2,
denoting the present-day value of the heat income, depicts an unstable re-
gime which could exist only temporarily.

Thus the dependence of polar glaciation on heat income has the form of
a hysteresis loop with the AA’ and BB’ sections, designated by arrows in
Fig. 3.17 representing the transition from one solution of the equations
used to another. Other sections of the loop associated with stable regimes
can characterize the dependence between ¢ and AQ,,/Qs, With both in-
creasing and decreasing heat income.

To investigate this dependence, we can also use the model of the ther-
mal regime for different seasons. This model gives results somewhat dif-
ferent quantitatively from those presented in Fig. 3.17. But qualitatively
the results are similar because these qualitative regularities can be estab-
lished by using a general approach, which should be considered in devel-
oping various thermal regime models.

As indicated above, with the present value of the heat income at the top
of the atmosphere, a stable glaciation of the whole earth could exist, with
very low temperatures at all latitudes (**white earth’’). The stability of this
glaciation can be attributed to the very large albedo of the surface covered
with ice and snow. In this case, the climatic conditions characteristic of
the Antarctic could exist over all the earth.

The conclusion of the possible existence of a stable **white earth’” may
be inferred from any realistic theory of climate. The mean temperature at
the surface of the ‘‘white earth’ can vary within a wide range depending
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on the albedo of the earth—atmosphere system under conditions of com-
plete glaciation. Since this albedo can be evaluated only approximately,
the available estimates of the mean temperature for the ‘*white earth’ are
considerably different, but in all cases they are lower than the freezing
temperature of water. This points to the great stability of the thermal re-
gime under these conditions.

Thus the regime of complete glaciation of the earth can exist with the
present value of solar radiation (point 1, Fig. 3.17). This regime is also
possible if the radiation income is less than the present value (this is de-
picted in Fig. 3.17 by a line going along the x axis to the left of point 1) and
if the radiation income is greater than the present value but less than the
value that corresponds to the ice melting temperature in the warmest re-
gions of the globe. At this temperature the ice cover over a portion of the
earth’s surface can melt, leading to a decreased albedo and increased ab-
sorption of radiation (A, Fig. 3.17).

We assume that between A and 3 there exist regimes of partial glacia-
tion of the earth, which can be plotted as a line connecting these points.
The form of this line can be established in the following way.

Observational data and general physical considerations show that
under present-day climatic conditions, as the heat income to the earth’s
surface increases, the mean air surface temperature rises and polar ice re-
cedes. As the heat income decreases, the mean air temperature drops and
the ice sheets advance.

Thus the line going from A to 3 must approach the latter from the left-
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Fig. 3.17 Dependence of the mean latitude of the boundary of polar ice cover on radiation
income at the top of the atmosphere.
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hand side. This is possible if it cuts the y axis at least at one other point
(point 2).

Therefore, we conclude that under present conditions the third climatic
regime could exist as a new variant of partial glaciation of the earth with a
larger area of ice coverage compared to that presently observed.

After intersecting the y axis at point 3, the line representing the regimes
of partial glaciation must reach the horizontal line associated with an ice-
free regime (point E). This takes place if the heat income exceeds its pres-
ent value. From E the line showing further radiation increase becomes a
straight horizontal line going to the right.

In addition to the dependence plotted in Fig. 3.17, the same model can
be used to derive the dependence of the mean planetary air temperature
on heat income, as shown in Fig. 3.18. Figures 3.17 and 3.18 use the same
symbols. The dependence shown in Fig. 3.18 is similar in many respects
to the corresponding dependence for the polar glaciation boundary and
also has the form of a hysteresis loop.

The results shown in Figs. 3.17 and 3.18 depend essentially on the al-
bedo parametrization of the earth—atmosphere system with and without
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Fig. 3.18 Dependence of the mean planetary temperature on radiation income at the top of
the atmosphere.
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snow and ice cover. These results refer to case A in Table 3.7, from which
we conclude that complete glaciation of the earth might occur with a 2%
decrease in the solar constant. In other cases of the albedo parametriza-
tion presented in Table 3.7, common features of the dependences in Figs.
3.17 and 3.18 do not vary although they depend quantitatively on the al-
bedo parametrization.

Relative estimates of a solar constant decrease (Ag,) for various para-
metrizations of the latitudinal distribution of the albedo that would cause
a glaciation of the earth are given in Table 3.7. These estimates lie in the
2-10% interval, whereas the most probable values (D) are 3-5%.

The problem of the earth’s glaciation should be studied further to clear
up incompletely solved questions.

For example, how do we explain the lack of traces of the earth’s com-
plete glaciation during Precambrian time, when the solar constant was
considerably smaller than at present? Undoubtedly, at that remote epoch
the atmospheric chemical composition differed greatly from the present
one, significantly increasing the greenhouse effect. It is also possible that
during that time, the water content of the hydrosphere was insufficient to
form ice sheets over the entire planet. Although these factors explain the
above contradiction, a special study of this question is needed, as dis-
cussed in Chapters 4 and 6.

A second question to be investigated concerns the possibility of the for-
mation of ice sheets over the whole planet, given the present-day struc-
ture of the earth’s surface. As palaeoclimatic data show, vast dry areas
appeared on ice-free parts of the continents during the Quaternary glacia-
tion, preventing the further advance of glaciers in several regions. We
might think that in the Southern Hemisphere, which is largely covered
with water, this mechanism cannot be important, and under the condi-
tions of complete glaciation of the Southern Hemisphere, ice-free oases
are unlikely to be preserved in interior regions of the Northern Hemi-
sphere because of the drastic air temperature drop near the earth’s sur-
face. In any case, this problem should be studied in more detail.

We should emphasize that the question of the conditions that would
cause the complete glaciation of the earth is not similar to that of present
climate ambiguity. Thus, for example, we can prove the possibility of the
existence of the ‘‘white earth,”” even with some uncertainties in the tran-
sitional mechanism from one type of climate to another.

The conclusion of the present-day climate ambiguity has been inferred
from the thermal model describing a stationary state of the atmosphere-—
ocean—ice-cover system. This state can correspond to the conditions of a
constant or slowly changing climate.

With comparatively drastic climatic changes, the assumption men-
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tioned above of the stationary nature of the system may turn out to be
inaccurate. Considering the great stability of the continental ice sheets in
comparison with other components of this system, we can conclude that a
greater number of climatic types exist under nonstationary conditions,
compared with the several solutions that are associated with stationary
conditions.

We assume that during the postglacial warming, large continental gla-
ciations remained, the boundaries of which were not appropriate for the
changed climatic conditions. In thise case, a new type of thermal regime
appears, which can be calculated using a numerical model for a given ice-
cover boundary position. The thermal regime is modified depending on
the position of this boundary. As a result, an infinite number of climatic
types appears, all of which agree with the given values of external cli-
mate-forming factors.

We note that present-day polar ice can be regarded as stationary since
its average boundary in each hemisphere corresponds to the same values
of the climatic factors that determine the sea ice position.

The stationarity in the position of the modern average boundary of
polar ice in both hemispheres can be attributed to the fact that it consists
mostly of marine ice of comparatively small thickness.

In Figs. 3.17 and 3.18 we can see the temperature variations which
might have taken place over long periods of the earth’s history. They cor-
respond to sections of the curves going from values somewhat above
point E to those above point B.

Comparison of line BE and the broken line through point 3 that repre-
sents variations in the mean planetary temperature when the polar ice
exerts no effects on the thermal regime (Fig. 3.18) shows how much tem-
perature variations due to heat inflow fluctuations are increased by polar
ice effects.

Thus the present-day climate seems not to be unique for the existing
climate-forming factors; i.e., it is not transitive in terms of the definition
given by Lorenz. Besides the mechanism considered here, there may pos-
sibly be some other forms of climatic intransitivity, which will be estab-
lished in later studies.

The results of other investigations

Following the publication of the first paper concerning a semiempirical
model of the atmospheric thermal regime (Budyko, 1968a), the problem of
using similar models for estimating the air temperature effects of external
climate-forming factors was studied by many authors.
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Sellers (1969) was the first who independently constructed a semiem-
pirical model of the atmospheric thermal regime, based on the energy bal-
ance equation of the earth—atmosphere system with the thermal regime—
polar ice feedback included. Using this model, Sellers has estimated the
dependence of mean latitudinal temperatures near the earth’s surface on
the solar constant, the albedo of the earth—atmosphere system, and other
factors influencing climatic conditions. Then Sellers used this dependence
to evaluate the climatic effect of polar ice and solar radiation variations.
He found that, if the albedo of the earth—atmosphere system in the central
Arctic decreases from 0.62 to 0.32 when polar ice melts, the mean annual
air surface temperature rises in this region by 13° and in low latitudes by
2°. He has calculated the decrease in value of the solar constant sufficient
for complete glaciation of the earth to be 2% if the albedo—temperature
relationship based on observational data is taken into account.

The close agreement between the results obtained by Sellers and those
mentioned above (Budyko, 1970; Sellers, 1970) deserves attention, since
there was some difference between these models. Sellers, in another work
(1973), has developed a more detailed model of the atmospheric thermal
regime for different seasons; the main results are close to those of the
foregoing study.

Faegre (1972) has also constructed a semiempirical model of the atmo-
spheric thermal regime that takes into account the thermal regime-polar
ice feedback. He has also confirmed the major conclusions of the pre-
viously mentioned studies and derived from his model the conclusion that
the present-day climate is ambiguous. He has found three different solu-
tions of the equations describing the distribution of mean latitudinal tem-
perature near the earth’s surface: the first corresponds to present-day cli-
matic conditions, the second is associated with the ‘‘white earth,’” and the
third is intermediate between the first two.

It has been mentioned (Budyko, 1972a) that these results agree well
with those inferred from our model.

Berger (1973) has shown that it also follows from Sellers’ model that
three climatic regimes are possible in the present epoch. The first is asso-
ciated with present-day climatic conditions, the second with a colder cli-
mate (temperatures some 10-15° below the present ones), and the third
with very low (below 0°C) temperatures at all latitudes (‘‘white earth’’).

Schneider and Gal-Chen (1973) have studied the sensitivity of climate
using semiempirical models of the thermal regime that take nonstationary
processes into account. For this purpose the heat balance equation incor-
porates an additional term describing the thermal inertia of the system
under consideration in the form

m 8T/st = S M;,
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where 8T/8t is the mean surface temperature variation with time, m the
coefficient of the thermal inertia of the earth—atmosphere system, and
S M, the algebraic sum of the heat balance components of the earth—at-
mosphere system.

This study has confirmed the conclusion that the atmospheric thermal
regime is highly sensitive to small solar constant variations and that, with
unvarying solar radiation income, the thermal regime returns to its initial
state, even after an appreciable decrease in the mean global temperature,
to — 18°C.

Only with a greater lowering of the mean temperature than this is the
complete glaciation of the earth possible. Thus the thermal regime of the
earth—atmosphere system is very stable relative to mean global tempera-
ture fluctuations that are not attributed to long-term heat income varia-
tions.

An analysis of semiempirical models of the atmospheric thermal regime
that considered its nonstationary nature has been carried out by Held and
Suarez (1974). They have determined the empirical parameters of the
model using satellite observational data of outgoing longwave radiation
and their results are similar to ours. Held and Suarez have confirmed the
conclusion that the thermal regime—polar ice area feedback considerably
strengthens the sensitivity of the ice cover boundary to solar constant
variations and other climatic factors. They have also confirmed the exis-
tence of ‘‘critical latitudes’ beyond which the polar ice expands toward
the equator under unvaried external climatic conditions. The authors
have considered the effects on climatic sensitivity of an additional term in
the heat balance equation of the earth—atmosphere system that would
characterize horizontal heat redistribution due to macroturbulent pro-
cesses. This enabled them to obtain a continuous distribution of the mean
latitudinal air temperature for an ice distribution concentric relative to the
poles.

Su and Hsieh (1976) and Frederiksen (1976) have also studied the
method for calculating the mean latitudinal air temperature distribution
using this model when the albedo of the earth—atmosphere system varies
jumpwise at the boundary of the ice cover. Frederiksen, using a semiem-
pirical model of the atmospheric thermal regime, has concluded that the
climate is ambiguous.

Of other studies dealing with semiempirical models of the atmospheric
thermal regime, papers by North (1975a,b; North ez al., 1979) deserve at-
tention. He has proposed some new methods for solving the equations of
the model in question and he investigated the stability of different types of
climatic conditions. North and Coakley (1978) have considered a nonsta-
tionary semiempirical model of the thermal regime.
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Andronova et al. (1977), in solving the equations of the semiempirical
theory of the thermal regime, have applied Marchuk’s (1974) method of
functional small disturbances, which are used for solving differential
equations.

The properties of semiempirical models have been also studied by
Dwyer and Peterson (1973), Gordon and Davies (1974), Hantel (1974),
Chylek and Coakley (1975), and Gal-Chen and Schneider (1976).

Lindzen and Farrel (1977) believed that it could be inferred from our
model that the temperature varied considerably in low latitudes during the
Quaternary glaciations. This contradicts the paleoclimatic results. (They
are discussed in more detail in Chapter 4.) To avoid this contradiction,
Lindzen and Farrel introduced several changes into the model that pro-
duce a side effect, i.e., an increased critical value of the heat income re-
duction that would cause the complete glaciation of the earth. However,
Lindzen and Farrel were mistaken when they believed that the conclusion
drawn from our model was that the equatorial temperature varied by sev-
eral degrees when the ice boundary shifted from its present position at
72°N to 60°N.

The astronomical theory of Quaternary glaciations describes a radiation
decrease in high latitudes in combination with a radiation increase in low
latitudes. Since Lindzen and Farrel did not consider this fact, they ob-
tained comparatively large air temperature variations in low latitudes dur-
ing the glaciations, whereas, with the correct use of our model, these
changes appear to be small and similar to the paleoclimatic results.

Several papers have recently been published (Oerleman and Van der
Dool, 1978; Coakley, 1979) in which the structure of the semiempirical
models is not changed but larger values for the decrease in heat income
that leads to complete glaciation are found as a result of a new parametri-
zation of radiative fluxes. The second of these papers treats the problem
in more detail. Coakley has established that, with the parametrization he
used, global glaciation develops after an 8—9% reduction in the solar con-
stant. A similar result has been obtained in Budyko (1979a), whose results
(Table 3.7, part B) for the albedo parametrization are close to the assump-
tions taken by Coakley.

The above critical value of the solar constant decrease (8-9%) is proba-
bly somewhat overestimated compared with the conditions of a real cli-
mate. First, the temperature corresponding to the position of the bound-
ary of polar ice cover increases as the latitude decreases. Secondly, when
polar glaciations advance, their mean surface albedo as well as the ice—at-
mosphere system albedo seems to increase.

Consideration of these dependences noticeably lowers the absolute
value of the decrease in the solar constant that is sufficient for the devel-
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opment of global glaciation. Thus, a realistic solar constant decrease that
would cause complete glaciation of the earth should not exceed several
percent.

A semiempirical model of the atmospheric thermal regime was devel-
oped by Gandin er al. (1973). They constructed a model of latitude —longi-
tude distribution of air temperature averaged over the altitude.

By using the heat balance equation of the earth—atmosphere system,
these authors have considered the horizontal heat transfer, assuming that
it was determined by microturbulent exchange. The coefficient of macro-
turbulent heat exchange was assumed to be independent of the coordi-
nates. The outgoing longwave radiation was estimated as a function of
temperature from an empirical formula. The effect of polar ice on the at-
mospheric thermal regime was taken into account by use of the same
method as in our model. On the basis of empirical data on the earth—at-
mosphere system albedo, the authors have computed the distribution of
the mean annual air temperature over the Northern Hemisphere to be
close to observed results.

In addition, changes in air temperature distribution and ice boundary
have been studied for various values of the solar constant. It has been es-
tablished that, if the solar constant increases by several tenths of a per-
cent, polar ice melts completely, and if it decreases by the same value,
complete glaciation of the earth takes place, accompanied by a drastic
drop in the average global temperature (‘“‘white earth’).

The authors have mentioned that the high sensitivity of the thermal re-
gime to minor variations in the solar constant depends partly on the
choice of albedo values of the earth—atmosphere system with and without
ice. By decreasing the difference between these values, it is possible to
obtain a critical value of the solar constant corresponding to complete gla-
ciation of the earth that is close to the results given above. Lyapin
(1977a,b) has studied this model in more detail.

Golitsyn and Mokhov have investigated the question of the sensitivity
of an atmospheric thermal regime described by a semiempirical model.
They used the idea of the relationship between this sensitivity and the ex-
change rate of entropy between the system in question and the environ-
ment (Golitsyn and Mokhov, 1978a; Mokhov and Golitsyn, 1978). This in-
teresting idea needs to be studied further.

In their other work Golitsyn and Mokhov (1978b) showed that the sen-
sitivity of the thermal regime varies depending on mean global cloudiness.
Their estimates of the sensitivity of the thermal regime to solar constant
variations make it possible to evaluate the effect of various factors on the
sensitivity of the system in question. The suitability of using these esti-
mates for the real atmosphere remains undecided because of some as-
sumptions made in the analysis.
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In spite of the approximate character of semiempirical theories of the
atmospheric thermal regime, they are effective in studying the genesis of
climate. In the 1970s, about 100 studies devoted to further investigation
and development of these theories have been published. We believe the
major merit of the semiempirical models is that, with a thorough valida-
tion of the model parameters, it is possible to fulfill the requirements, enu-
merated at the beginning of this chapter, to which realistic theories of cli-
matic change must conform.

3.4 WATER EXCHANGE IN THE ATMOSPHERE
The theory of water exchange

In studies of climatic changes, along with investigations of variations in
the thermal regime, it is necessary to have data on precipitation varia-
tions. To provide this, we must use the theory of water exchange in the
atmosphere. This theory establishes the dependence between precipita-
tion and the external climate-forming factors: radiation coming to the top
of the atmosphere, the chemical composition of the atmosphere, and the
structure of the earth’s surface. Although the problem of developing a
semiempirical theory of water exchange, similar to that of the atmo-
spheric thermal regime set forth above, remains unsolved, there are sev-
erval fragments of such a theory which could be used in studying climatic
changes.

The water transfer equations establishing the relationship between pre-
cipitation and evaporation from the earth’s surface are derived in the fol-
lowing way (Budyko and Drozdov, 1953). We consider the water vapor
transfer in the atmosphere over a specific territory with an average linear
scale L. The water vapor flux brought into this territory by air currents is
wu, where w is the average water content of the atmosphere at the
weather side of the border of this territory and « the mean speed of the air
flux transferring water vapor over the territory. Along the direction of air
flux motion, the atmospheric water content varies, depending on the dif-
ference between water expenditure as precipitation and gain from evapo-
ration.

It is evident that the water vapor flux transferred by air currents from a
given territory is equal to wu — (r — E)L, where r is the total precipita-
tion, E the total evaporation for a given time period, and L the linear scale
of the territory.

The total water vapor flux over the territory is composed of two fluxes:
the outer (advective) flux of water vapor formed by evaporation from the
areas lying outside this territory and the flux formed by local evaporation.
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The first flux is wu at the weather side of the territory and is wu — r,L at
the lee side of the territory (leaving the territory), where r, is the total pre-
cipitation formed by outer (advective) water vapor. The second flux is
zero at the weather side and equals (E — )L at the lee side (when leaving
the territory), where r, is the total precipitation formed by local water
vapor.

Thus, over the territory in question, there exist average advective wu —
ir,L, and local, #(E — r)L, water vapor fluxes which, combined, give a
total flux of wu — #(r — E)L. Because the molecules of local and advec-
tive vapor mix in the atmosphere due to turbulent exchange, it is evident
that the ratio of total precipitation formed from local and from advective
water vapor equals the ratio of the quantities of the corresponding vapor
molecules in the atmosphere. Thus

ro/n = (wu — $r,L)/3(E — r)L. (3.36)
Therefore, with r = r, + rq,

1

= "1 ¥ (EL/2ww) 3.37)

Fa

and

1

rn = r—————-—1 F Gwi/EL)" (3.38)

From (3.36) we can obtain the value of the water exchange coefficient
K, the ratio of the total precipitation to the advective precipitation:

K = r/r, = 1 + (EL/2wu). (3.39)

The coefficient K shows how many times the water vapor brought into
this territory condenses as precipitation before it is removed by the atmo-
spheric circulation.

By using these formulas we can analyze the dependence of water ex-
change parameters on the basic factors influencing the water exchange.
From (3.39) it follows that the water exchange coefficient depends on the
atmospheric water vapor balance and does not depend directly on river
runoff. As Eqs. (3.37)~(3.39) show, the sum of advective and local precip-
itation and the water exchange coefficient depend on the area of the terri-
tory in question. As it increases, the total local precipitation and the water
exchange coefficient increase, and the total precipitation from advective
water vapor decreases. This dependence is not linear for large areas be-
cause the average speed of water vapor transfer, u, decreases somewhat
due to the effect of the curvature of the trajectory of air particle motion as
the area grows.
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Table 3.9 presents the calculated results of the water exchange compo-
nents for the European USSR territory. Using these data we can evaluate
the effect of water vapor transfer in the atmosphere on the formation of
precipitation. From Table 3.9 it is seen that the precipitation formed from
local water vapor makes up a small portion of the total amount. For the
year as a whole and for individual months the water exchange coefficient
slightly exceeds unity. This indicates that the idea of repeated interior
water exchange is incorrect.

In actuality, even over the vast European USSR territory, only a small
portion (about 12%) of the total precipitation consists of vapor formed by
local evaporation. The major portion of the precipitation falling over a re-
stricted land territory is formed from advective vapor.

Drozdov et al. (1974) has studied the atmospheric water exchange over
all the continents. The results of this study are presented in Table 3.10. It
can be seen that a greater portion of the precipitation is formed from ad-
vective vapor. Thus the major source of continental precipitation is mois-
ture from the oceans.

Because of the large-scale transport of oceanic moisture in the atmo-
sphere, the contribution of local evaporation from the surface of the conti-
nents to the total precipitation is comparatively insignificant, especially
over territories less than 10 km? in area. But this does not mean that the
effects of local evaporation on total precipitation are restricted by the
variations in atmospheric water exchange components. In addition to the
direct influence of local evaporation on water exchange there are some
indirect influences due to the dependence between the amount of precipi-
tation and the level of relative air humidity.

The factors affecting precipitation

Drozdov and Grigor’eva (1963) have derived a semiempirical formula
for determining precipitation:

r = awe(h), (3.40)

where 4 is the mean relative air humidity in the 0—~7 km layer, w the atmo-
spheric water content, and a the coefficient of proportionality (o« = 1 if, at
h = 100%, precipitation per day is 0.1w). For the European USSR this
coefficient is close to 1.

In middle latitudes the empirical function ¢(k) has similar values for dif-
ferent regions; e.g., for the European USSR the ¢(h) values are presented
in Table 3.11. As seen in this table, at relative air humidity equal to or less
than 40%, precipitation is low and its value increases rapidly with arise in



Table 3.9
Annual Cycle of Water Exchange Components for the European USSR

Month

i 11 111 1V \Y V1 Vil VIIT IX X XI X11 Year
E (mm month™) 5 5 10 36 50 54 50 39 22 11 7 5 294
w  {cm) 0.4 0.4 0.6 0.9 1.5 2.0 2.3 2.2 1.6 1.2 0.8 0.5 1.2
u (m sec™) 7.9 7.8 7.8 7.2 6.6 6.2 5.8 6.3 6.9 7.5 7.7 7.6 7.1
K 1.07 1.08 1.09 1.24 1.22 1.19 1.17 1.12 1.08 1.05 1.05 1.06 1.12
r (cm month™} 2.7 2.3 2.4 28 3.8 5.5 6.3 59 5.1 4.9 38 32 48.7
r, (cm month™) 2.5 2.1 2.2 2.3 3.1 4.6 5.4 5.3 4.7 4.7 3.6 30 43.5
£ (cm month™!) 4.2 (.2 0.2 0.5 0.7 0.9 0.9 0.6 0.4 0.2 0.2 0.2 5.2
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Table 3.10
The Atmospheric Water Exchange over the Continents

Precipitation (km® year™)

Water exchange

Continent Total Advective Local coefficient
Europe 7,540 5,310 2,230 1.42
Asia 33,240 18,360 14,880 1.81
Africa 21,400 15,100 6,300 1.42
North America 16,200 9,800 6,400 1.65
South America 28,400 16,900 11,500 1.68
Australia 3,470 3,040 430 1.14

air humidity up to 50-55%. With further growth in air humidity, precipita-
tion increases more slowly. At high relative air humidity, precipitation is
only slightly affected by changes in humidity.

To determine the dependence of precipitation on local evaporation we
use (3.40). In this case, w and 4 are determined according to the effects of
local evaporation on the total amount of water vapor transferred over a
given territory. It can be found that the effects on precipitation of local
evaporation within a definite range of air humidity can exceed by several
times the contribution of local evaporation to the total amount of water
vapor in the atmosphere.

Thus the theory of atmospheric water exchange enables us to consider
only the direct effects of local evaporation on the amount of precipitation.
As Drozdov showed, in many cases the indirect effects of local evapora-
tion on precipitation are of great importance; without them, interior re-
gions away from the oceans could turn into deserts.

By using (3.40) we can calculate how precipitation depends on the type
of vegetation cover, which determines the quantity of local evaporation.
But the dependence between total evaporation and the kind of vegetation
has as yet been insufficiently studied. For instance, the effect of forests on
evaporation has been discussed for many years but this question still re-
mains unsolved. Forests seem to affect the total evaporation only slightly.

Draining and afforesting marshes overgrown with moss can increase
total evaporation. The reverse effect may take place on draining low-lying
grass marshes.

Table 3.11
The ¢(h) Function

h (%) 40 45 50 55 60 65 70 75 80 85 90 95 160
ethy- 1072 07 1.4 37 57 68 75 82 86 91 95 97 99 100
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Let us assume that with the changing of various types of vegetation
cover the total evaporation varies by an amount of the order of 10%.
Using the water exchange equation, we find that the effect of variations in
evaporation on precipitation depends on the area of the region over which
evaporation varies. If the change occurs within a geographic zone with a
linear scale of the order of 10° km, precipitation is slightly affected by
variations in evaporation. However, the effect may become significant if
evaporation varies over all or the greater part of a continent.

The aforementioned considerations can be amplified by analyzing the
physical mechanism of changes in precipitation as the air temperature
field varies (Budyko and Drozdov, 1976).

We assume that evaporation from the earth’s surface is

E =A@ — 9), (3.41)

where A is the coefficient of proportionality; g, the humidity of the air,
saturated by water vapor at the temperature 6,, of the evaporating sur-
face; and g the specific air humidity at the level of meteorological obser-
vations.

This formula is accurate for evaporation from the water surface, which
makes up more than 85% of the total evaporation from the entire earth’s
surface, and it is approximate for evaporation from humid land surface.

Taking into account that the relative air humidity varies comparatively
little over the oceans, let the value of 1 — (gq/q,) = B be assumed con-
stant. In this case, we find the ratio of dF£/36 (the derivative of evapora-
tion with respect to air temperature) and E (evaporation):

19E _ 1 9g; 98y
E 06 g, 00, 96"

In order to determine the value of 36,,/96 we use the heat balance equa-
tion of the earth’s surface for the whole earth,

R=LE + P, (3.43)

(3.42)

where R 1s the radiative balance, L the latent evaporation heat, and P the
turbulent heat flux between the earth’s surface and the atmosphere. This
equation can be rewritten as

R = LA(g, — q) + ¢, A8, — 0), (3.44)

where ¢, is the specific heat of the atmosphere at constant pressure. Dif-
ferentiating (3.44) with respect to 9, we find that
20, _ !
30 1+ (L/cy)B(39s/64)

(3.45)
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In this case, it is assumed that while temperature varies, the radiative
balance of the earth’s surface remains constant; actually, it varies
slightly.

From (3.42) and (3.45) we have

1oE _ (1 9g L ;g
E 96 (qs aew>/<1 P a9w>' (3.46)

Using (3.46) we can calculate the dependence of evaporation on mean
global air temperature. From observational data we assume 8 = 0.2, and,
using (3.46), find that a 1° increase in mean air temperature causes a 4%
increase in evaporation. Because total global precipitation is equal to the
total evaporation, this dependence also characterizes the relationship
between the total precipitation and air temperature.

The dependence derived here can be compared with the results ob-
tained by Wetherald and Manabe (1975). They used a numerical climatic
model that considered the atmospheric general circulation. This approach
enabled them to avoid using some simplifications in the above computa-
tion. In particular, Wetherald and Manabe did not consider the relative
air humidity to be constant when temperature varied. They found that
global evaporation (and precipitation) changes by 3% when temperature
changes by 1°. This result does not differ greatly from that obtained using
a simplified calculation.

It should be noted that the assumption that 3 is independent of tempera-
ture over the continents is not accurate, becase the potential evapotrans-
piration from land increases with a rise in temperature. In this case, if the
inflow of moisture from the oceans remains constant, the mean moisture
content of the upper soil layer decreases with the increase of evaporation.
This results in a reduction of relative air humidity. Therefore, warming
would lead to reduced precipitation over a considerable part of the conti-
nents. Briickner (1890) was the first to detect this effect. Further studies
have found a negative correlation between temperature and precipitation
in the warm half-year for the Eurasian continent (Drozdov and Grigor-
>eva, 1963) and in various seasons over the greater part of the US territory
(CIAP, 1975).

The physical mechanism of a decrease in precipitation due to an in-
crease in the mean air temperature for the Eurasian continent can be ex-
plained as follows.

The flux of water vapor transported from the Atlantic ocean and ad-
joining seas to the Eurasian continent is proportional to vq,, where v is
the rate of water vapor transfer as a function of meridional temperature
gradient and g, the air humidity at the boundary of the ocean. The equa-
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tion of water vapor balance in the atmosphere over the continent at a dis-
tance x from its western coast has the form

avq, — avq = f (r — E) dx, (3.47)
0

where a is the coefficient of proportionality.

The values of r and E vary along the x coordinate, decreasing as the dis-
tance from the ocean increases. To determine these two values, two addi-
tional relationships can be used. One of these is an empirical dependence
of precipitation on air humidity from (3.40),

r = r(q)), (3.48)

and the other expresses a relationship between the heat and water bal-
ances for land (Budyko, 1956)

E_ oK)

p ) (3.49)

From these equations we can find the value of r for an interior region lo-
cated at a distance x from the shore.

Considering that w = bg (where b is a proportionality factor), we
derive from (3.40) and (3.47)—(3.49) that

St e

where r, and A, are the precipitation and relative humidity at the boundary
of the ocean. Thus precipitation over the interior regions of a continent
proved to be dependent on horizontal fluxes of moisture, which were first
detected empirically (Burtsev, 1955).

In order to employ (3.50), it is necessary to take into account the
dependence of precipitation r on atmospheric heat transfer over a conti-
nent. In this connection, the role of local evaporation in the formation of
precipitation differs depending on whether air masses from the ocean are
heated or cooled over a continent. Therefore, the schemes of water ex-
change are different for different seasons.

Furthermore, it should be said here that the foregoing mechanisms for
the formation of precipitation at middle latitudes cannot explain varia-
tions in precipitation at lower latitudes, as well as a number of distin-
guishing features characteristic of moistening conditions in the geological
past.

Some conclusions concerning the dependence of precipitation on the
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main precipitation forming factors can be derived from the analysis of
(3.40).

Previously we considered the implications of variations in the parame-
ters representing the atmospheric circulation « and water content w re-
lated to temperature and moisture fluxes from the ocean at a constant
level of condensation determined by relative humidity 4. However, the
factors in (3.40) can be assumed to be independent only conventionally.

Several types of water exchange can be described, considering the ef-
fect of air-mass heat transformation on precipitation and the relations
between the factors in (3.40).

The first is water exchange when heat transformation has no effect on
precipitation.

The second is observed in summer at middle latitudes when, in air
fluxes directed from the ocean to the continent, the relative humidity h
drops due to heating of the continent as the distance from the ocean in-
creases, but at the same time, the index « increases. In consequence, for
instance, when maritime air masses from middle latitudes or Arctic air
masses intrude into the continent, heavy precipitation occurs along the
coast with a decreasing amount over interior regions. This decrease, how-
ever, is compensated for by an increase in relative humidity A due to local
evaporation of moisture accumulated during the cold season. Under these
conditions, local evaporation is of great importance for moistening the
interior regions of the continent.

The third type of water exchange takes place in winter when, because
of chilling, the relative humidity in air fluxes inside the continent remains
constantly high (in spite of the fall of precipitation) and the role of local
evaporation in the formation of precipitation becomes secondary. This
type of water exchange is typical of polar latitudes and the interior regions
of large continents in middle latitudes. In central Antarctica a greater por-
tion of the precipitation can be attributed to the freezing out of moisture,
not to frontal processes (Rusin, 1961). Similar conditions are possible in
winter in the region lying behind Lake Baikal (the so called Zabaikale)
and in the Yakutsk region of Siberia.

Let us consider a particular case of using (3.50), when the air flux is
from the ocean to the land and the relative humidity 4 and the ratio £/r do
not change, i.e., E = cr, ¢(h) = constant. These conditions might take
place as air masses over the continent cool down, i.e., when a 10° temper-
ature decrease reduces precipitation by nearly one half.

In this case, assuming v to be constant and differentiating both parts of
(3.50) with respect to x, we obtain

_dr _ ab(l — c)e(h)
- ar v, 3.5
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whence, assuming that for x = 0, r = r,, we find

ab(l — c)plh)x

av

F=r,exp — (3.52)

From (3.52) it is seen that precipitation decreases toward the interior of
the continent, with the rate dependent on v. Thus variations in v induce
inland variations in r, similar in sign. More complicated but similar rela-
tionships are obtained with other types of heat transformation.

A distinctive type of water exchange appears in the intertropical zone in
the absence of intensive descending motions. Favorable conditions for
convective precipitation are created there at high relative humidity 4 and
water content w, since in this case the moist-adiabatic gradient decreases
and in the upper layers of the troposphere radiation increases, causing a
rise in temperature lapse rate. As a result, although air-mass precipitation
is usually less important at middle latitudes (except in summer in some
monsoon regions), it becomes most significant in the intertropical zone.

The theory of water exchange in the atmosphere developed here might
be used for studying precipitation variations due to natural and man-made
climatic change.



Chapter

Natural Climatic
Changes

4.1 CLIMATES IN THE GEOLOGICAL PAST
Methods for studying past climates

Information on the climates of remote epochs has been obtained by the
examination of data concerning natural conditions in the past. Since the
processes of sediment formation, rock weathering, and formation of
water reservoirs, and the existence of living organisms were dependent on
atmospheric factors, data relating to these processes allow us to evaluate
the climatic conditions of the relevant periods of time.

The interpretation of data on the natural conditions in the geological
past for the estimation of a climate regime presents great difficulties, some
of them crucial. Among these difficulties is, in particular, the necessity of
utilizing the principle of uniformitarianism. In this case it corresponds to
the assumption that, in the past, relationships between the climate and
other natural phenomena were the same as at present. Although this ap-
proach is open to argument, the variety of natural processes that depend
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on climate enables the results of past climate reconstruction to be verified
independently with the help of various paleogeographic indicators. The
most general regularities of climatic conditions in the geological past, as
established in paleogeographic investigations, are undoubtedly reliable,
whereas some individual results are open to question and require further
examination.

In addition to paleogeographic data, information on paleotemperatures
obtained by isotopic analyses of organic remains appears to be very help-
ful in the study of ancient climates. The evaluation of the accuracy and
the proper interpretation of these data is a matter of some difficulty,
which is gradually being overcome with improvement in the methods for
paleotemperature studies.

In studying climates of the past, information on sedimentary phenom-
ena, geomorphological evidence, and data on fossil flora and fauna are
used.

The first approach is based on the well-known relations between litho-
genesis and climatic factors. For example, the chemical weathering of
rocks by the decomposition of unstable minerals is especially promoted
under the conditions of a hot, humid climate. When the climate is hot and
dry, chemical weathering is less intensive and rocks are weathered largely
by wind and temperature fluctuations. Chemical weathering is even more
retarded in a cold climate where physical weathering, which does not af-
fect chemically unstable minerals, dominates.

The extent and structure of deposits are strongly dependent on moisture
conditions. The volume of sedimentary deposits is usually small in dry
areas and increases in humid regions, where alluvial deposits prevail.

Since coal formations are closely related to climatic conditions, data on
fossil coal can be used for reconstructing past climates. However, the in-
terpretation of these data is fraught with certain difficulties because, at
different periods, the relationship between coal accumulation and climate
varied to a great extent, depending on the nature of the vegetation that
formed the coal. For example, many coal beds of the Devoman were
formed in a dry climate, while the coal formations of the Carboniferous
period were usually connected with more humid climatic conditions.

Data on deposits of limestone and dolomites, as well as on the salt de-
posits that are so essential for reconstructing the climatic conditions of
ancient water reservoirs, are also used in studying climates of the past.

In some cases, data on the sediment structure are used for estimating
seasonal variations in the climate. For example, varved clays around the
margins of continental glaciations are examined for this purpose. During
the summer melting of glaciers, water streams carried away a great deal of
rough debris, while in cold seasons, far less fine-grained argillaceous sub-
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stance was deposited in the same area. The stratified structure of varved
clays allows the length of their formation period to be evaluated.

Geomorphological evidence is widely used for studying the atmo-
spheric precipitation regime and ice cover formation. For instance, data
on the position of the ocean coastline enable us to estimate the water lost
or gained by the ocean in the formation or melting of continental glacia-
tions.

Surface relief variations due to glaciations are a major indicator of gla-
cier development. In addition, an important evidence of past climates
seems to be data on snow levels in the mountains, which depend on the
temperature and precipitation regimes.

Data on ancient lakes and river valleys may give certain information
concerning moisture conditions. For instance, impressions of numerous
lakes and rivers in present deserts are indicative of great changes in the
moisture conditions in these regions.

Information on the sea-level fluctuations of such land-locked reservoirs
as the Caspian Sea allows us to evaluate the water inflow and, hence the
precipitation over the basins of the feeding rivers at different periods of
time.

Data on fossil soils are utilized for studying moisture and thermal condi-
tions in past times. Traces of permafrost are valuable in reconstructing
zones of cold climate.

Information on the nature of erosion processes strongly dependent on
climatic conditions, in particular, on moisture conditions, is also involved
in paleoclimatic studies.

The geographic distribution of living organisms, particularly of vegeta-
tion vitally dependent on climatic conditions, can be of great importance
in the study of past climates. This method provides quite reliable resuits
for the not-so-distant past when plants were similar to modern species and
their distribution was evidently affected by climatic conditions in much
the same way as at present. Extrapolation of the relationships between
modern plants and meteorological factors to more ancient times presents
certain difficulties, which restrict the use of data on plant distribution in
paleoclimatic studies.

Great advances have been achieved in recent decades following the de-
velopment of fossil pollen and spore analysis, which allows the composi-
tion of a regional vegetation cover to be defined. This method has proved
efficient in the reconstruction of the epochs when plants were similar to
modern species.

We should mention here data on annual tree rings, which are also used
in the study of climate change. Variations in the annual growth layers of a
tree reveal short-term climatic fluctuations, whereas their structure is
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indicative of general climatic conditions (for example, trees growing in car-
bonaceous marshes exhibit poor formation of annual rings, reflecting no
seasonal climate variations).

Information on fossil fauna is more difficult to regard as diagnostic of
past climates, since the geographic distribution of animals is generally not
as strongly dependent on climate as that of vegetation. However, these
data are a valuable addition to other methods used in the study of climate
change. Such information is mostly data on poikilotherms, i.e., animals
without heat regulation. As was the case with plants, the data on the dis-
tribution of animals are interpreted with the assumption that climatic ef-
fects on the vital activities of the relevant organisms were similar to those
existing at present.

A paleotemperature method based on the 180 isotope content of the fos-
sil remains of aquatic animals is of particular importance in paleoclima-
tology. It has been established that the ¥Q/0 isotope ratio in mollusc
shells and other remnants of marine organisms depends on the tempera-
ture at which the animals lived. In order to determine paleotemperatures
by this method, it was necessary to develop highly sensitive mass spec-
trometers and solve other technological problems. Since the middle of
this century the method of direct measurement of paleotemperatures was
widely applied in the studies of climatic conditions of the recent past and
of hundreds of millions of years ago.

In evaluating the results of the above methods for studying climatic
variations, it should be recognized that, except for a relatively short con-
temporary period, almost all the available information on past climates
concerns the air temperature regime near the earth’s surface, the surface
temperature of the land, the temperature of water reservoirs, and, to a
lesser degree, the moisture conditions on the continents.

Paleogeographic data can also supply information on some other cli-
matic elements. For example, in some cases the shape of fossil dunes and
barkhans can be indicative of the direction of the prevailing winds. But
these data are not so ample as the above-mentioned.

Pre-Quaternary climates

The information concerning climates in pre-Quaternary time that is set
forth below is based generally on Sinitsyn’s investigations (1965, 1967).

Paleozoic climatic conditions (570—230 million years ago) are only
vaguely known. Apparently, during much of the Paleozoic, the climate
was very warm over the entire globe and moisture conditions on the conti-
nents varied over a wide range. In the late Paleozoic, i.e., at the threshold
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of the Carboniferous and the Permian, a glaciation developed that ex-
panded over vast areas of land, mainly in the present tropic latitudes. It is
rather difficult to estimate the geographic position of this glaciation at the
time of its development, because the earth’s poles and continents have
changed their position greatly since then. In addition, climatic conditions
in other regions of the globe were rather warm during the epoch of Permo-
Carboniferous glaciation.

In the Permian the thermal zonality became more pronounced and an
arid climate expanded widely over the continents.

The Mesozoic climate (230-65 million years ago) was rather equable.
Throughout most of the globe climatic conditions were similar to the con-
temporary tropics, although in high latitudes the climate was cooler but
still quite warm, with insignificant seasonal temperature variations. In the
Mesozoic, moisture conditions were apparently more uniform as com-
pared to the contemporary epoch. At the same time there were also zones
of insufficient and excessive humidity.

At the end of the Cretaceous the hot climate zone decreased in size and
arid climatic conditions expanded. Climatic change did not mark the tran-
sition to the Cenozoic. During the Tertiary the process of cooling, which
was more pronounced in middle and especially in high latitudes, contin-
ued. In the mid-Tertiary a new climatic zone appeared and expanded
gradually. Its meteorological regime was similar to modern climatic con-
ditions of the middle latitudes. The air temperature there dropped below
zero in winter, producing conditions favorable for a seasonal snow cover.
At the same time, the continental climate became more extreme in the
areas far from the ocean.

The process of cooling was not constant; during some pertods it gave
way to warming. But the general tendency toward thermal zonality,
which was determined by a temperature drop in the high latitudes, re-
mained invariable. It became more pronounced in the Neogene with the
advancement of the Antarctic continental glaciation.

At the end of the Pliocene the climate was warmer than at present, yet it
resembled present climatic conditions more than the climates of the
Mesozoic and early Tertiary.

In examining the sequence of climatic variations throughout the period
covered by more or less reliable data we should recognize that climatic
regimes with strongly pronounced thermal zonality were unusual for our
planet.

A great temperature difference between the equator and the poles ex-
isted since the end of the Tertiary, the gap increasing in the ice ages. But
that difference is characteristic of only a short span of the time that
elapsed since the beginning of the Paleozoic. Except for the Neogene gla-
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ciations, there was only one major ice advancement over the last 600 mil-
lion years. It took place in the Permo-Carboniferous and also lasted a
fairly short period of time compared to that which passed since the onset
of the Paleozoic.

Climate of the Quaternary age

The climatic conditions of Quaternary time have been studied more
thoroughly than any earlier climates. Among the numerous works de-
voted to natural conditions and climates of the Quaternary we mention
here studies by Gerasimov and Markov (1939), Schwarzbach (1950, 1968),
Saks (1953), Markov (1955, 1960), Emiliani (1955), Ewing and Donn
(1956, 1958), Flint (1957), Zeuner (1959), Rukhin (1962), Flohn (1963,
1964), Butzer (1964), Fairbridge (1967), and Velichko (1973).

The entire Quaternary period, except for the last, relatively short inter-
val called the Holocene, corresponds to the Pleistocene. During the Pleis-
tocene climatic conditions differed greatly from the preceding Mesozoic
and Tertiary when thermal zones were relatively indistinct. A cooling
trend became more pronounced in middle and high latitudes and great
continental glaciations developed. They advanced repeatedly, reaching
the middlie latitudes, and retreated again to the high latitudinal belt. Dur-
ing the advancement of continental glaciations, sea ice expanded over
vast areas. We do not know the exact number or dates of the Quaternary
glaciations.

Alpine investigations carried out in the last century gave evidence of
four major European glaciations called Giinz, Mindel, Riss, and Wiirm.
Later it was discovered that each of these glaciations proceeded in several
stages, with intervals marked by recession of the glacier. The Alpine gla-
ciations were accompanied by the development of ice cover in the low-
lands of Eurasia and North America, stretching over vast territories in
high and middle latitudes.

The expansion and contraction of the glaciers seem to have occupied
only short periods of time compared to the entire length of the Pleisto-
cene. The interglacial epochs, which lasted longer, were relatively warm.
During that time ice cover on the continents disappeared, persisting only
in mountainous regions and high latitudes.

The advancement and retreat of glaciers took place more or less simul-
taneously in Europe, Asia, and North America. This also applies to the
ice ages in the Northern and Southern Hemispheres.

During the ice ages the continental ice cover spread farther in the zones
of humid maritime climate. Under the relatively dry climatic conditions of
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Northern Asia it covered comparatively small areas. During the greatest
glaciations the continental ice cover in the Northern Hemisphere reached
57°N on the average and even 40°N in some places. Its thickness in most
areas was hundreds of meters and sometimes more than a kilometer.

Undoubtedly the progress of continental glaciation was accompanied
by a shift of the polar sea-ice boundary to lower latitudes. This consider-
ably increased the total extent of permanent ice cover on the planet.

At each glacier advancement the snow line in mountain regions outside
the glaciation area dropped by hundreds of meters, sometimes by a
kilometer or more. At the same time the permafrost zone increased con-
siderably during the ice ages. With the development of glaciations the per-
mafrost boundary moved a few thousand kilometers into lower latitudes.

The ice ages were marked by a 100—150 m drop in the level of the
World Ocean, as compared to its modern level, as a result of the develop-
ment of the thick glaciations on the continents. During the warm intergla-
cial epochs the sea level was several dozen meters higher than that at
present. The extent of the ocean surface varied by a few percent accord-
ing to fluctuations in its level.

A noticeable drop in the air temperature occurred over the entire globe
during the ice ages. In the warm interglacial epochs the air temperature
was higher than at present. The problem of variations in the precipitation
regime associated with glaciations is less clear. According to the available
data, moisture conditions in various parts of the earth varied in different
ways under glaciation conditions. This means that the atmospheric circu-
lation changed as a result of variation in the temperature differences be-
tween the equator and the poles.

At the same time precipitation decreased in many continental regions
during the epochs of the greatest glacier advances. Evidently this is ac-
counted for by a reduction in evaporation as a result of the temperature
drop and the fact that the ocean surface was partially covered with ice.

Reasons for climatic change

To understand the physical mechanism of the present changes in cli-
mate it is essential to know the causes of climatic change in the geological
past.

A gradual increase in the luminosity of the sun (the solar constant) was
one of the factors determining long-term climatic change. This conclusion
made by Schwarzschield (1958) was based on the analysis of general regu-
larities in the evolution of stars. It was confirmed by the resuits of subse-
quent studies but the rate of the increase in solar luminosity is not defi-
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nitely known. Different authors suggest that during the earth’s history
(about 4.5 billion years) the luminosity of the sun increased by 25 to 60%.

Among other factors that determined climate in the past we should
mention variations in the chemical composition of the atmosphere and, in
particular, the atmospheric carbon dioxide fluctuations that are treated in
Chapter 2.

If we took into consideration only the first of the above factors in cli-
matic change, we should come to the conclusion that the air temperature
near the earth’s surface was increasing during the entire history of the
earth. As seen in the above survey, this contradicts the available paleocli-
matic data.

Interesting discussions of the problem are found in Sagan and Mullen
(1972) and Sagan (1977). The first paper presents calculations of variations
in the mean temperature of the earth’s surface due to the increasing lumi-
nosity of the sun, based on the formula of the radiation equilibrium ignor-
ing the dependence of longwave radiation on the properties of the atmo-
sphere. It was also assumed that the earth’s albedo was constant through
time.

According to these calculations, the mean temperature should have
been below the freezing point of water during most of Precambrian time,
presumably until 1.4-2.3 billion years ago (the dating depends on the as-
sumed rate of the solar luminosity increase). However, according to the
available data, there was liquid water on the earth’s surface throughout
the first half of the earth’s history, contradicting this conclusion. There-
fore, Sagan and Mullen have assumed that the ancient atmosphere con-
tained some ammonia (NH,) that intensified the greenhouse effect and re-
sulted in appreciable increase in the air temperature.

Subsequently, considering this supposition, Sagan sets forth the find-
ings on paleotemperatures of the Precambrian period. According to these
data, some 1-3 billion years ago the temperature at the earth’s surface
was 310-350 K, i.e., higher than at present.

The semiempirical theory of the thermal regime of the atmosphere pre-
sented in Chapter 3 adds significantly to Sagan and Mullen’s arguments
supporting the idea that the chemical composition of the atmosphere was
quite different in the past. Their date for the appearance of liquid water on
the earth’s surface due to the solar constant increase should be altered.
The solar constant need be only 4% less than its present value for the
“‘white earth’ to arise. This was established in the above calculations
based on the semiempirical theory of the thermal regime of the atmo-
sphere. In the early or middle Phanerozoic, i.e., 600—300 million years
ago, the solar constant corresponded to just this value.

We should like to emphasize here that according to the semiempirical
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theory, the state of the ‘‘white earth’’ holds for the present-day value of
the solar constant. In this connection, the earth’s surface, which was fro-
zen in the past, would be covered by ice in our time if the chemical com-
position of the atmosphere had remained constant.

The warm climatic conditions at all latitudes for the greater part of the
earth’s history are probably explained by a much higher CO, content in
the atmosphere through the entire Phanerozoic (see Chapter 2) than
today. As mentioned in Chapter 3, a doubling of CO, content results in an
~2.5° increase in the mean air temperature near the earth’s surface at a
constant earth albedo. With a further increase of the CO, concentration,
the air temperature will rise by the same amount at each successive dou-
bling of the concentration (Augustsson and Ramanathan, 1977). There-
fore, a fourfold increase in the CO, concentration adds 5° to the air tem-
perature, and if the concentration is eight times higher, the temperature
will rise by 7.5°.

In the early and mid-Phanerozoic the CO, concentration was 6 to 10
times higher than at present. This ensured an ~6.5-8° increase in the
mean air temperature as compared to the contemporary epoch. If we as-
sume that the solar constant in the first half of the Phanerozoic was 4%
less than at present and take into account the data on the sensitivity of the
thermal regime to heat income variations that was presented in Chapter 3,
the corresponding decrease in the mean air temperature will be 5 to 6° at
constant albedo.

The actual differences must have been higher than that since the earth’s
albedo increased due to the development of polar ice cover in the late
Phanerozoic and changes in vegetation composition on the continents.
However, if we consider these effects, the above differences are altered
by the same relatively small value in both cases and our main conclusion
based on the calculation remains untouched. It still holds that the green-
house effect made up for the lower value of the solar constant in the first
half of the Phanerozoic, resulting in a warmer climate than at present.

It is often believed that the CO, content in Precambrian time was much
higher than in the Phanerozoic. The greenhouse effect associated with it
was more intensive and could maintain higher temperatures near the
earth’s surface at a decreased solar constant as well.

The atmosphere of Venus presents an example of an identical effect of
CO, on the climate. Although Venus is closer to the sun, it absorbs less
radiation than the earth due to its high albedo. Since the CO, content of
the atmosphere of Venus is very high, it enhances the greenhouse effect,
leading to a temperature near its surface of up to a few hundred degrees
Celsius.

For most of the earth’s early history its atmosphere probably contained
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enough CO, to maintain fairly high air temperatures near the earth’s sur-
face. In such a case it would not be necessary to assume the presence of
ammonia in the ancient atmosphere of the earth in order to explain the
paleoclimatic data. Hart (1978) as well as Owen, Cess, and Ramanathan
(1979) have recently come to the same conclusion.

It follows from the above considerations that a relatively warm climate
for the greater part of the Phanerozoic is accounted for by a considerably
higher CO, content in the atmosphere than at present. During an epoch of
gradually decreasing CO, concentration, corresponding to the Cenozoic
era, a cooling trend had to develop (Budyko, 1974).

The quantitative study of this problem requires data on the thermal re-
gime of the relevant epoch. This involves certain difficulties since the
error in the temperature determination by the method of isotopic analysis
of organic sediments or by other known methods is usually at least a few
degrees. Such errors are comparable to the variations in the thermal re-
gime extended over millions of years.

To analyze the secular variations in the air temperature during the late
Mesozoic and the Tertiary we can use Emiliani’s data on paleotempera-
tures obtained by the method of isotopic analysis (Emiliani, 1966) and Sin-
itsyn’s information based on a complex study of natural conditions in the
past (Sinitsyn, 1965, 1967).

Figure 4.1 shows variations in the difference between the mean paleo-
temperatures and modern temperatures. Curve 1 is constructed according
to Emiliani’s data defining secular variations in the mean temperature of
the oceanic surface layer. Curve 2 is based on Sinitsyn’s data.

Since Emiliani’s data cover a restricted area of the west Atlantic off-
shore zone, it is not clear whether it is possible to use them for determin-
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Fig. 4.1 Temperature variations during the geological past.
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Table 4.1
Variations in Air Temperature and Carbon Dioxide
Concentration in the Geological Past

ATao—so ATo_go COz conce. (%)
Contemporary epoch 0 0 0.03
Early Pliocene 9.2° 4.8° 0.06
Early and Middle Miocene 11.8° 6.0° 0.09
Paleocene—Eocene 15.2° 8.2° 0.16
Cretaceous 17.4° 11.0° 0.27

ing global variations in the air temperature. The paleoclimatic research
carried out by Sinitsyn gives more complete information concerning the
thermal regime in the past. Sinitsyn has constructed maps for January and
July temperatures as well as for the annual precipitation totals. These
maps give an idea of the climatic conditions of the extratropical zone (30—
80°N) in the Northern Hemisphere for Europe, Asia, and Africa. They are
based on the climatic relations of vegetation cover and the formation of
sediments. Sinitsyn’s set of maps covers the entire Phanerozoic and is
more detailed for the Tertiary.

Utilizing Sinitsyn’s data, we can calculate the differences between the
mean annual air temperatures for the periods under consideration and for
the modern epoch for the areas presented in the above maps (AT3y_g).
Then, extrapolating the variations obtained in the mean latitudinal tem-
perature differences to the equator and the pole, we can find the varia-
tions in the mean air temperature differences in the Northern Hemisphere
(AT,_g). Table 4.1 gives the results of the calculation for the late Meso-
zoic and the Tertiary. It also includes CO, concentrations based on the
data given in Chapter 2.

We can see that for the period covered by this table the mean air tem-
perature was gradually decreasing, corresponding to a decrease in atmo-
spheric CO,. In Fig. 4.1 curve 2, which corresponds to the mean tempera-
ture change, agrees satisfactorily with curve 1. This proves that the data
obtained by Emiliani are representative.

In Fig. 4.2 the points represent data on the mean air temperature varia-
tions near the earth’s surface and the different CO, concentrations given
in Table 4.1. The dependence of the mean air temperature near the earth’s
surface on the CO, concentration is also shown in the shape of the curve.
This curve is based on data from Chapter 3 that indicate that with a 0.03—
0.06% variation in CO, the mean air temperature rises by 2.5° due to the
increase in the greenhouse effect in the atmosphere and by 2° as a result of
the albedo change due to partial melting of polar ice and changes in vege-
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Fig. 4.2 Dependence of mean air temperature on CQ, concentration.

tation composition. Then it was assumed that the mean temperature in-
creases by 2.5° with each subsequent doubling of the CO,. Since, for the
time interval considered, the effect of solar constant variations on air tem-
perature is an order of magnitude less than that of the CO, variations, it
was possible to omit it in the computation of the air temperatures.

As can be seen, the curve agrees satisfactorily with the empirical data.
It confirms the notion that the major cause of the cooling that developed
within the last hundred million years was the CO, concentration decrease
in the atmosphere.

A great deal of new data on thermal regime variations during the Ter-
tiary, based on paleotemperatures, has been obtained in recent years.
Using these data we can get a more detailed notion of the development of
the Cenozoic cooling. For instance, the available materials include Bu-
chardt’s data on the thermal regime of the surface water of the North Sea
for various intervals of the Tertiary (Buchardt, 1978). It follows from this
investigation that after the first cooling in the Paleocene, when the sea
temperature dropped to 17.5°C, a noticeable warming marked the Eocene
(22.5°C). In the Oligocene a sharp cooling occurred (9.5°C), which was
followed by a slight warming in the Miocene (11.5°C). Then a new cooling
started in the Pliocene (10°C). All these values are average temperatures
for the relevant intervals of time.

Comparison of temperatures with CO, concentrations in the Tertiary
(Fig. 2.1) reveals a striking qualitative agreement between them. This
agreement is also evidence for the reliability of the information con-
cerning the evolution of the chemical composition of the atmosphere pre-
sented in Chapter 2. It also shows that the concept of atmospheric CO, as
a determinant of climatic conditions in the Tertiary is quite correct
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Fig. 4.3 Dependence of the North Sea water temperature on CO, concentration.

The quantitative comparison of CO, concentrations with data on the
thermal regime based on Buchardt’s investigation is presented in Fig. 4.3.
The logarithm of the CO, concentrations is plotted along the x axis. The
points designate values referring to the Paleocene (1), Eocene (2), Oligo-
cene (3), Miocene (4), and Pliocene (5). The straight line approaches quite
closely the empirical points, which confirms the theoretical conclusions
concerning the dependence of the temperature of the lower air layers on
the atmospheric CO, content. The slope of the line corresponds to a 6.6°
temperature increase with a doubling of CO, concentration. Considering
that the temperature change due to CO, variations at the latitude of the
North Sea is ~ 1.5 times larger than the mean global variation (Manabe
and Wetherald, 1980), we find that the temperature variations in question
correspond to a mean global temperature increase of 4.4°.

This value approaches the previously discussed parameter AT,. It
should be borne in mind that other data on secular temperature variations
based on recent paleotemperature measurements for the Tertiary do not
always coincide with temperature variations obtained by Buchardt. How-
ever, these data usually enable us to reveal the basic regularities derived
from Buchardt’s work, namely a sharp cooling in the early Oligocene and
a slight warming in the Miocene. This coincides with conclusions based
on the analysis of atmospheric CO, variations.

The conclusion obtained here alters the formerly widespread view that
the basic reason for the cooling that created conditions suitable for glacia-
tions was variations in the structure of the earth’s surface. As is known,
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the problem of the effect of the earth’s surface structure on climate was
first considered by Lyell (1830, 1832, 1833) who compared climatic condi-
tions for the following hypothetical cases: (1) continents are present in
high latitudes and (2) oceans are present in the same zone. Lyell held that
in these cases the climates must differ greatly. Therefore, he concludes
that the evolution of the earth’s surface structure was accompanied by
considerable climatic fluctuation. Later Ramsey (1910) supposed that the
cooling that was favorable for the development of glaciations originated
from the upheaval of the continents and the contraction of the ocean sur-
face, which absorbs more solar radiation than the land. Brooks (1949) in-
dicated that a cold climate in high latitudes essentially depended on the
presence of polar ice, since ice and snow absorb less solar radiation be-
cause of their high albedos. Brooks also emphasized the role of sea cur-
rents, which greatly reduce the temperature contrast between low and
high latitudes. According to Brooks, the warm and hot climatic conditions
at all latitudes that were typical of the most of the earth’s history pre-
vailed when the continents were at a low level and widely separated by
oceans. A rise in the continental level, especially in the polar regions, led
to cooling and the development of glaciations that later expanded to mid-
latitudes.

Albrecht (1947) considered the upheaval of meridional mountain
chains, particularly of the Rocky Mountains and the Andes, to be an im-
portant factor in climatic cooling in Quaternary time. According to Al-
brecht, these mountains make the atmospheric circulation far less inten-
sive, they decrease winter precipitation over the continents in middle and
high latitudes, and as a result, they lower condensation heat income.

Some scientists have treated the problem of the effect on climate of
variations in the sea bottom relief (Ewing and Donn, 1956, 1958; Rukhin,
1958). They believed that the Quaternary glaciations resulted from the up-
heaval of the underwater mountain ridge in the North Atlantic that ex-
tends from Scotland to Iceland and Greenland. This upheaval suppressed
heat transfer by the Gulf Stream, bringing about a cooling of polar lati-
tudes, where cold dry air masses started accumulating. The interaction of
these masses with warm damp sea air caused abundant solid precipitation
that led to continental glacier expansion.

The question of the role of variations in the relief structure during the
Cenozoic cooling can be resolved with the help of numerical climatic
models. Some of the results obtained are given in Budyko (1974). They
show that a decrease in the meridional heat transfer in the ocean due to a
rise in the continental level leads to an air temperature decrease in middle
and high latitudes. At the same time, calculations carried out in terms of
the semiempirical theory of climate can show that variations in the meri-
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dional heat transfer at constant earth albedo have no bearing on either the
mean global or hemispheric temperature.

Since the above empirical data indicate that for the last hundred million
years the mean air temperature in the Northern Hemisphere decreased
considerably, by ~ 10°, we can conclude that variations in the relief struc-
ture could hardly have caused such a cooling; rather, it was brought about
by a decrease in atmospheric CO,.

This conclusion, however, does not eliminate the possibility that polar
glaciations were influenced to a certain extent by the relief structure.

In view of the contemporary position of the Antarctic continent in the
high latitudes of the Southern Hemisphere and the restricted interconnec-
tions of the Arctic Ocean with the Atlantic and the Pacific, sea currents
transfer no heat at all to the southern polar zone and a very small amount
to the northern polar regions (Budyko, 1971). This facilitates the develop-
ment of glaciations in high latitudes, increasing the earth’s albedo and de-
creasing the mean air temperature near the earth’s surface. According to
the above calculations, however, this decrease does not exceed 2° and ap-
pears to be far less than that which took place in the Cenozoic.

We can conclude that if a major reason for the Cenozoic cooling was
the atmospheric chemical composition change, it is highly probable that
the evolution of the earth’s surface structure was of importance in origi-
nating the polar ice cover at the end of the Cenozoic. This ice cover in the
Pleistocene became a center of glaciation advances typical of the ice ages.

Turning to the causes of the advance and retreat of the ice cover in the
Quaternary, we should mention that many different hypotheses have been
suggested in the past concerning the nature of the Quaternary glaciations.
For example, Sarasin and Sarasin (1901) put forward a hypothesis ex-
plaining the Quaternary glaciations by a decrease in atmospheric trans-
parency in the epochs of higher volcanic activity. Their hypothesis has
been supported by some later investigations (Fucks and Patterson, 1947;
Kennet and Thunell, 1975). Arrhenius (1896, 1903) and Chamberlin (1897,
1898, 1899) claimed that the Quaternary glaciations were caused by fluc-
tuations in atmospheric CO, concentration.

Many scientists suggested that these glaciations resulted from auto-
oscillatory movements in the system that includes the atmosphere, the
oceans, and the ice cover. For example, Plass (1956) claimed that the
auto-oscillatory nature of changes in the CO, concentration in the ocean
and the atmosphere was an essential factor in glaciation advance. In his
opinion, after an initial small decrease in the atmospheric CO, concentra-
tion, the temperature near the earth’s surface dropped, leading to polar
ice expansion. As a result, the volume of oceanic water decreased, caus-
ing a rise in the atmospheric CO, and, consequently, a new warming. Dur-
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ing the warming, the ice began melting, the ocean volume increased, the
atmospheric CO, decreased, and a new cooling process set in. In a study
by Wilson (1964) that was further developed by Flohn (1969) the cause of
the Quaternary glaciations was connected with an unstable Antarctic gla-
cier whose margins were subjected to large ice slides, leading to auto-
oscillatory processes in the atmosphere. Sergin and Sergin (1969, 1978)
hold that the auto-oscillatory processes were determining factors for the
Quaternary glaciations. To study this problem they constructed a quanti-
tative model of the atmosphere—ocean—ice-cover system.

A number of works discuss the question of the possibility that this sys-
tem is almost intransitive (see Chapter 3). If such were the case, the ap-
pearance and destruction of the glaciations would have, to a great extent,
a random character.

We shall not dwell on the many other hypotheses concerning the origin
of the Quaternary glaciations but we mention that the so-called astro-
nomic theory of glaciations attracts very serious attention from modern
scientists.

Climate is known to depend on fluctuations in the radiation incident on
various latitudinal zones of the earth in different seasons, which are
caused by variations in the position of the earth’s surface with respect to
the sun. This position is dependent on the eccentricity of the earth’s orbit,
the obliquity of the earth’s axis to the ecliptic, and the presession of the
equinoxes. All these astronomical elements vary periodically, changing
somewhat the amount of radiation that reaches various latitudes in differ-
ent seasons.

To elucidate the influence of variations in radiation on climate, the au-
thor has used the numerical model of the thermal regime for average an-
nual conditions as set forth in Chapter 3 (Budyko, 1968a). The result was
that variations in the radiation regime during the last Wiirm glaciation
could cause a southward shift of 1° latitude of the ice cover in the North-
ern Hemisphere. The actual shift was considerably larger. We should rec-
ognize that the determination of mean annual temperatures is not suffi-
cient for estimating the effect of orbital changes on the glaciation, since
the glaciation regime depends largely on the thermal conditions of the
warm seasons.

Subsequently, Budyko and Vasishcheva (1971) applied another model,
also described in Chapter 3, for the study of the climatic conditions of the
ice ages, which defined the distribution of the mean latitudinal tempera-
ture for various seasons.

As the analysis of the relevant equations can show, calculations of the
temperature variations based on either this model or the model for the av-
erage annual conditions gave greater accuracy than the mean air tempera-
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ture computations. This enables the model to be used in the study of cli-
matic change.

The model was used to estimate the average polar ice boundary for the
period of time when the radiation income in high latitudes during the
warm half-year was noticeably decreased because of astronomical fac-
tors. The date on the radiation regime for the indicated periods were
derived from the study by Milankovich (1941).

The calculation takes into consideration the dependence of the plane-
tary albedo on the polar ice boundary:

Oun AL; Ogus AL,
AOlsp = ‘_éis;fo_N (agn — ogy) + “igi;?s (Qsis- — Qs ), 4.1

where Aay, is the planetary albedo change as compared to its modern
value, AL, the variation in the area of the latitudinal zone taken up by ice
in one of the hemispheres as compared to the present regime, L, the area
of the globe, ag the albedo of the polar ice zone, ay; the albedo of the ice-
free zone where glaciation has spread as a result of variations in the ra-
diation, O the radiation at the outer boundary of the atmosphere in the
zone with area AL; where the glaciation has spread, and Q, the mean
planetary radiation. The indices N and S designate the Northern and
Southern Hemispheres. The calculation neglects the effect of variations in
the radiation balance of the ocean surface and in cloudiness compared to
the present-day regime.

Some results of the calculations are given in Table 4.2. The table shows
that variations in the radiation regime caused by a change in the earth’s
surface position relative to the sun can result in a significant climatic
change. The calculations demonstrate that the mean temperature of the

Table 4.2
Climatic Change in the Ice Ages®

Time (thousands of years

before 1800 AD) Apy (deg) Apg (deg) AT (°C)
22.1  (Wiirm III) 8 5 -5.2
71.9 (Wirm II) 10 3 -5.9
116.1 (Wirm I) 11 2 -6.5
187.5 (Riss I) 1 0 -6.4
232.4 (Riss 1) 12 -4 -7.1

“ Apy and Agg are the decrease in the mean latitude of the polar ice boundary in the
Northern and Southern Hemispheres, respectively, compared to their present positions;
AT is the mean temperature variation during the warm half-year at 65°N.
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ice-free zone varies relatively little, by ~ 1°. However, this small variation
is accompanied by a noticeable shift of the ice-cover boundary.

The calculations show that the greatest shift of ice boundary in the
Northern Hemisphere within the period under consideration was 12° and
in the Southern Hemisphere, 5° (the contemporary mean latitudinal ice
boundary in the Northern Hemisphere is close to 72°N and in the South-
ern Hemisphere nearly 63°S).

A considerable temperature drop can be observed in the zone of ice ex-
pansion. For instance, at 65°N, advance of ice causes a 5-7° drop in the
mean temperature of the warm half-year. We should remember that this
applies to sea-level temperatures. The massive continental glaciations are
likely to reduce ice-level temperatures even more.

The greatest change calculated for the mean latitudinal ice cover margin
in the Northern Hemisphere agrees well with the empirical data. For ex-
ample, Lamb (1964) found that during the greatest glaciations the mean
ice boundary in the Northern Hemisphere reached 57°N, which corre-
sponds to a 15° shift in this boundary as compared with its present posi-
tion. We have obtained a 12° shift in the same boundary, which ap-
proaches LLamb’s result.

The same comparison for each of the ice epochs presents difficulties,
since data on the mean latitudinal ice cover boundaries do not exist. We
can use, however, the available information on the ice cover boundaries
in certain areas of the globe. For instance, Zeuner in his monograph
(1959) presents data on the areas covered with glaciers during different
epochs in central and northern Europe. These areas, which Zeuner ex-
pressed as a percentage of the extent of ice cover during the epoch of Min-
del II, have been compared to the calculated latitudinal variations in the
northern polar ice boundary for the epochs of Riss I, Riss II, Wiirm 1,
Wiirm II, and Wiirm III as shown in Fig. 4.4. Since Zeuner’s magnitudes
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Fig. 4.4 Glacier boundaries during the epochs of glaciations.
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of the ice extent for each of these epochs are given as a particular range,
the results obtained by comparison are shown here as line segments. The
figure shows a relationship between the results in question, which proves
that the calculation method can be used for the estimation of comparable
parameters of different glaciations.

We emphasize that the above agreement between the results obtained
for the polar ice boundary and the paleogeographic data could be
achieved on the basis of the feedback relationship between the position of
the polar ice and the atmospheric thermal regime. An interesting example
of calculations in which the indicated feedback was not considered was
presented by Saltzman and Vernekar (1971). They used a numerical
model of the mean latitudinal distribution of temperature, wind, evapora-
tion, and precipitation based on the integration of the equations of atmo-
spheric dynamics. With this model they calculated the variations in the
temperature distribution near the earth’s surface in the Northern Hemi-
sphere that occurred 10 and 25 thousand years ago, as compared to con-
temporary conditions. The calculation assumed that all the climate-form-
ing factors are constant, except for the radiation at the top of the
atmosphere, the distribution of which differed somewhat from the present
one because of astronomical factors.

Saltzman and Vernekar found that the greatest temperature difference
during the warm half-year did not exceed 1.0° at some latitudes for the
indicated periods. They believed that such comparatively small tempera-
ture variations could not result in the development of glaciation.

Since Saltzman and Vernekar’s estimation did not take into account the
feedback between the ice cover and the temperature field, the tempera-
ture fluctuations due to radiation change at the top of the atmosphere that
they obtained must have been underestimated. It is interesting to compare
these results with those of a similar calculation based on our model with-
out considerations of the feedback, i.e., one which considers the albedo
of the earth—atmosphere system to be constant while the radiation varies.
The results of such a calculation are presented in Fig. 4.5, which shows
the distribution of the mean latitudinal temperature differences for the
warm half-year for contemporary conditions and for the periods 10 and 25
thousand years ago.

It follows from the figure that the results obtained by different kinds of
models without consideration of the feedback between the ice cover and
the thermal regime are quite similar. This is noteworthy since the Salz-
man-Vernekar model differs considerably from our more schematic
model. An agreement between the paleoclimatic results obtained with
various climatic models reveals a sufficient reliability of these models and
shows that semiempirical theories of the thermal regime can be based on
many simplified assumptions.
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Fig. 4.5 Changes in mean latitudinal air temperatures during the warm half-year, due to the
effects of variations in incoming radiation caused by astronomical climate factors: (a) 10
years ago; (b) 2.5 x 10* years ago; curve 1, calculated results, by Budyko and Vasishcheva
(1971); curve 2, calculated results, by Saltzman and Vernekar (1971).

The agreement between the results of thermal regime variations based
on the above semiempirical model of the thermal regime and on more gen-
eralized climate theories arises evidently from the confirmation of the basic
empirical hypothesis used in the model and expressed by the equation
C = B(T — T,) not only for average annual conditions but also for dif-
ferent seasons of the year (see Chapter 3).

It is known that the mean temperature difference between the pole and
the equator varies considerably in the course of the year, corresponding
to a change in the energy income that thus produces large-scale atmo-
spheric motions. The basic patterns of the global atmospheric circulation,
however, do not differ greatly in summer and winter. Therefore the meri-
dional heat transfers during different seasons can be described by similar
empirical dependences.

From this point of view, the work by Williams ez al. (1973) that presents
a numerical model of atmospheric circulation during the last Wiirm gla-
ciation seems quite interesting. Flohn and other scientists held that during
the ice ages summer climatic conditions in middle and high latitudes were
similar to present winter conditions. Williams er al. came to a similar
conclusion by physical deduction.

It follows from their study that during the ice ages the summer west-
ward transfer of air masses in middle latitudes of the Northern Hemi-
sphere roughly corresponds to that of contemporary winter conditions.
The glaciations resulted in a slight shift of the stable pressure systems and
a certain redistribution of precipitation. The atmospheric circulation,
however, underwent no abrupt changes during that time. Similar conclu-
sions have been drawn by other scientists (Alyea, 1972; Gates, 1976).

New empirical and theoretical investigations of Quaternary glaciations
carried out in recent years have revealed information essential for under-
standing the physical mechanism of the ice ages.

CLIMAP compiled extensive data on temperatures during the last gla-
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ciation, based on isotopic analysis and plankton distribution in various re-
gions of the world ocean. These data have been used to construct world
maps of the temperature of surface oceanic waters. An important conclu-
sion implied that during the glaciations the mean temperature of the ice-
free ocean surface was only 2° below the present one (CLIMAP Project
Members, 1976). This conclusion agrees reasonably well with the above
results based on the semiempirical theory of the atmospheric thermal re-
gime.

According to empirical data, the temperature decrease was somewhat
greater than the results obtained above. This can be explained by an in-
crease in the earth’s surface albedo due to the expansion of arid condi-
tions on the continents during glaciation advance (Cess, 1978).

Hays, Imbrie, and Sheckleton have compared temperature fluctuations
for the last 450,000 years (derived from the composition of marine or-
ganic sediments in the Southern Hemisphere) with the variations in radi-
ation due to astronomical factors (obtained by calculation) (Hays ef al.,
1976).

A detailed statistical analysis of temperature variations revealed clearly
pronounced fluctuations with periods of 23,000, 42,000, and ~ 100,000
years. The first of these periods coincides with the oscillatory period of
the precession of the equinoxes, the second corresponds to the oscillatory
period of the inclination of the earth’s axis, and the third approaches the
oscillatory period of the eccentricity of the earth’s orbit. Proceeding from
this agreement, the authors concluded that variations in the astronomical
factors were the basic reasons for the successive Quaternary glaciations.

The study by Hays et al. attracted great attention and was widely dis-
cussed in numerous publications by different experts. Considerable inter-
est was drawn by the main conclusion stated by Imbrie at the Soviet—
American Symposium on Paleoclimatology in Moscow in 1976. He said
that the long discussion concerning the causes of the Quaternary glacia-
tions was over, since these causes were now known.

The studies by Gates (1976a,b) and Manabe and Hahn (1977) should be
mentioned among the new theoretical investigations relating to climatic
conditions during the ice ages. These authors used models of the general
circulation to study the atmospheric general circulation during the last
glaciation. Using the CLIMAP data on temperature distribution over the
ocean, the authors were able to elucidate many climatic features of the ice
ages. For instance, precipitation was found to decrease noticeably during
glaciations, leading to the expansion of insufficient moisture conditions on
the continents. This conclusion has been confirmed by an empirical study
of Pleistocene natural conditions (Velitchko, 1973).

Some authors applied simplified climatic theories to elucidate causes of
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the Quaternary glaciations, allowing them to avoid the use of empirical
data for certain elements of the past climatic regime. Berger (1973, 1975,
1977a, 1978) carried out many investigations of this kind using a semiem-
pirical model of the atmospheric thermal regime and decided that the as-
tronomical factors had a determining effect on the Quaternary glaciations.
Using various parameterized climatic models, Suarez and Held (1976},
Pollard (1978), and others have come to similar conclusions. The studies
of this trend have emphasized that a realistic description of the Pleisto-
cene glaciations can be made only with the help of climatic models based
on the feedback between polar ice and the thermal regime of the atmo-
sphere.

For instance, Schneider and Thompson (1978) have shown that the cal-
culation of temperature variations in high latitudes without consideration
of the feedback underestimated the temperature differences in compari-
son with paleoclimatic data.

Cess and Wronka (1979) have mentioned that for the correct estimation
of air temperature variations during glaciations it is necessary to take into
account a positive feedback between temperature fluctuations and the
variations in the albedo of the continental surface that are determined by
the state of the vegetation cover.

Research presenting new and more accurate calculations of variations
in those elements of the radiation regime that affected the development of
glaciations (Sharaf and Budnikova, 1969; Vernekar, 1972; Berger, 1973,
1976) was also of great significance in studying the origin of the ice ages.

It follows from the paleogeographic data that the polar ice cover ap-
peared millions of years ago, caused by the cooling resulting from a de-
crease in CO,. Astronomical factors started to influence the climate sig-
nificantly only after the development of large polar glaciations, since it is
these that made Quaternary climatic conditions so sensitive to minor
variations in the climate-forming factors. During earlier epochs, when
polar glaciations were relatively small or absent, astronomical factors var-
ied in a manner similar to that in the Quaternary but their climatic effect
was insignificant. The extent of this influence seems to correspond to
variations in the thermal regime of the atmosphere, calculated on the
basis of our model and the Saltzman-Vernekar model, as illustrated by
Fig. 4.4. The figure shows that in the absence of polar ice cover fluctua-
tions of the astronomical factors alter the air temperature at all latitudes
by no more than 1°. This means that in pre-Quaternary time the astronom-
ical factors did not exert a strong influence on climatic conditions.

The above statements show that at present the causes of climatic cooling
during the Cenozoic era, as well as the causes of the Quaternary glacia-
tions, are more or less known.
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4.2 PRESENT-DAY CLIMATIC CHANGES
Climate of the Holocene

The post-Pleistocene climatic variations occurred within a compara-
tively short period of the earth’s history. During this time, which is often
called the Holocene, we can distinguish several epochs with different cli-
matic conditions.

Many of the works on the paleoclimatology of the Quaternary cited in
the preceding subsection present some information on the climate in the
Holocene.

The last Wiirm glaciation reached its greatest extent about 20,000 years
before our time. In a few thousand years its area contracted considerably.
The climate of the next epoch was comparatively cold and humid in the
middle and high latitudes of the Northern Hemisphere. About 12,000
years before our time the climate became much warmer (the Alleréd
epoch). However, a cooling trend soon developed. As a result of these
climatic fluctuations, the summer air temperature in Europe varied by a
few degrees.

Later on the warming trend resumed and 5000 to 7000 years before our
time the remains of the continental glaciations disappeared in Europe and
North America. It was in that epoch that the postglacial warming reached
its peak. Between 5000 and 6000 years before our time the air temperature
in the middle latitudes of the Northern Hemisphere is believed to have
been about 1-3° higher than at present.

At the same time the atmospheric circulation apparently underwent a
change. The northward shift of the polar-ice boundary was accompanied
by the displacement of a subtropical high-pressure belt to higher latitudes.
This resulted in the expansion of arid zones in Europe, Asia, and North
America. In addition, precipitation increased in low latitudes over the
areas now occupied by deserts. The climate in the Sahara was then com-
paratively humid, favoring abundant flora and fauna. Still later a tendency
toward cooling prevailed, which became especially pronounced at the be-
ginning of the first millennium B.C. The thermal regime change was ac-
companied by an alteration of the precipitation regime that brought about
a gradual approach to its present state.

A significant warming trend took place during the end of the first and
the beginning of the second millennia A.D. The polar ice retreated to high
latitudes, allowing the Vikings to colonize Greenland and to discover the
continent of North America. A subsequent cooling favored a new ad-
vance of ice and the Norse colony in Greenland, deprived of any commu-
nication with Europe, perished.
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The cooling trend that was developing since the 13th century reached
its maximum in the early 18th century and was accompanied by the ex-
pansion of mountain glaciers. For this reason it is called the Little Ice
Age. Then the warming started again and the glaciers retreated. Climate
during the second half of the 18th century and the 19th century differed
comparatively little from contemporary conditions.

Of great importance in understanding the physical mechanism of con-
temporary climatic change is the study of climatic variations over the last
century, when most of the continental surface was monitored by a net-
work of permanently operating meteorological stations.

The greatest climatic change within the period of instrumental observa-
tions started at the end of the 19th century. It was marked by a gradual
rise in air temperature at all latitudes in the Northern Hemisphere
throughout the year. This warming was especially pronounced at high lati-
tudes and during the cold seasons.

The warming intensified in the 1910s and reached its peak in the 1930s,
when the mean air temperature in the Northern Hemisphere was 0.6°
higher than at the end of the 19th century. In the 1940s the warming trend
changed to a cooling trend, which continued until recently. The cooling
progressed slowly and its scale did not approach that of the preceding
warming.

Although the evidence of modern climatic change in the Southern Hem-
isphere is less certain than that for the Northern Hemisphere, there are
grounds for believing that the warming also occurred in the Southern
Hemisphere in the first half of the 20th century.

In the Northern Hemisphere the air temperature rise was accompanied
by a contraction of polar ice, a retreat of the permafrost boundary to
higher latitudes, a northward shift of the forest and tundra boundary, and
other changes in natural conditions. Of vital importance was a noticeable
change in the atmospheric precipitation regime during the warming. In
some regions of insufficient moisture conditions, precipitation diminished
during the climatic warming, especially in the cold seasons. This resulted
in decreased river runoff and a fall in the water level of some land-locked
reservoirs. The abrupt drop in the water level of the Caspian Sea that oc-
curred in the 1930s and was caused by the reduced runoff of the Volga
River is particularly well known.

In addition the warming brought about more frequent droughts over
vast continental areas in mid-latitudes in Europe, Asia, and North
America. This climatic change had a definite influence on the national
economy of many countries.
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Variations in the thermal regime

The general regularities of thermal regime variations in the last century
have been studied by Rubinshtein (1946, 1973), Rubinshtein and Polozova
(1966), Mitchell (1963), Lamb (1966, 1977), Van Loon and Williams
(1976a—c, 1977), and many other scientists. These investigations have es-
tablished the temporal and spatial inhomogeneity of the above variations.

The works by Rubinshtein and Polozova show, in particular, that mean
anomalies of the monthly air temperature at a definite point vary consider-
ably for successive months, the variations often being irregular.

A complex temporal and spatial structure of the temperature anomalies
may be influenced to a certain extent by fluctuations in the atmospheric
circulation that are random relative to climate variations. Averaging of
the temperature anomalies over long periods of time for certain stations or
limited regions does not entirely eliminate the effect of this factor, which
produces essential difficulties in revealing the regularities of climatic
change.

In studying global climatic fluctuations, spatial averaging of the air tem-
perature anomalies acquires particular importance. This approach is
based on the following physical considerations.

As described in the previous chapter, the longwave radiation outgoing
into outer space has a linear relationship to the air temperature near the
earth’s surface. That is why the average of the temperature anomalies
corresponds to the average of the outgoing radiation anomalies.

The outgoing radiation anomalies for limited regions are to a great ex-
tent compensated for when they are averaged in space and their effect on
the global climate appears to be limited. The radiation anomalies for vast
territories, particularly the anomalies for the entire globe, exert a great
influence on climate. The algebraic sum of this anomaly and that of the
shortwave radiation that is absorbed by the earth—atmosphere system de-
termines the sign of the mean air temperature variation over the entire
planet.

Mitchell (1961, 1963, 1971) and Willett (1974) have calculated the mean
anomalies of the air temperature for large areas, based on observational
data on the air temperature from many meteorological stations scattered
in various geographical regions.

For a more accurate determination of the mean anomalies, we have
used maps of the air temperature anomalies and not the observational
data of individual stations. These maps present the distribution of the
mean monthly temperature anomalies for each month since 1881 in the
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Fig. 4.6 Secular course of air temperature anomalies (5-year running average): curve I,
anomalies of the Northern Hemisphere mean annual temperature; curve 2, anomalies of the
70-85°N latitude belt temperature for the warm half-year; curve 3, the same for the cold
half-year.

Northern Hemisphere, the equatorial belt excluded. The latter is not cov-
ered well enough by the observational data over the first half of this period
for maps of the anomalies to be drawn.

Figure 4.6 shows the secular variation of the air temperature anomalies
for the extraequatorial zone of the Northern Hemisphere and for the 70—
85°N latitude belt calculated by Spirina (1971) on the basis of the maps.
All the data have been averaged over running 5-year periods.

It follows from the figure that a warming trend began at the end of the
19th century in the extraequatorial latitudes of the Northern Hemisphere,
with a weakly pronounced maximum just before the turn of the century.
This was followed by a slight temperature drop, which was soon replaced
by a rapid temperature increase. The warming was especially marked dur-
ing the cold seasons in the late 1910s and early 1920s. The positive tem-
perature anomaly was greatest at the end of the 1930s; in the 1940s the
warming trend was overcome by a cooling trend, which intensified in the
1960s. In the mid-1960s the mean air temperature in the Northern Hemi-
sphere approached the level of the late 1910s.

We believe that the secular temperature variations in the extraequa-
torial belt of the Northern Hemisphere correspond more or less to the sec-
ular temperature variation near the earth’s surface over the entire globe.
The available global data (which are scarcer than those for the extratropi-
cal latitudes of the Northern Hemisphere) show that variations in the
mean air temperature also occurred in the equatorial belt and at extra-
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tropical latitudes in the Southern Hemisphere. In most zones for which
data exist, these variations seem to coincide with those of the zone cov-
ered by numerous observational data (Mitchell, 1963).

It has recently been established that, despite numerous peculiarities of
thermal regime variations at different points on the globe, there are small
areas where thermal regime variations are closely related to the mean air
temperature fluctuations in the Northern Hemisphere. For instance, the
correlation coefficient between the annual temperature anomalies over
the 18991976 period for Sverdlovsk and the Northern Hemisphere ap-
pears to be greater than 0.5 (Landsberg et al., 1978). Using the data from 9
stations, the authors obtained a correlation coefficient of 0.81 between the
temperature fluctuations at the stations and those for the Northern Hemi-
sphere. The result shows that local variations in the thermal regime reflect
certain large-scale regularities which are still insufficiently known.

Figure 4.6 shows that secular air temperature variations intensify with
latitude, the air temperature being more variable during cold seasons,
especially at higher latitudes. We emphasize here that on the whole the
thermal regime variations presented in Fig. 4.6 are similar to the results
obtained by Mitchell (1963).

In addition to the regular temperature variations over longer periods,
the numerous short-term temperature fluctuations shown in Fig. 4.6 are
noteworthy. The latter reflect to a great extent the effect of the variability
of circulation processes, which is not entirely eliminated by spatial and
temporal averaging.

Since the temperature anomalies in low latitudes for individual seasons
differed comparatively little, the mean meridional temperature gradient
varied less during warm and more during cold seasons.

The secular variations of the mean meridional temperature gradient
anomalies are presented in Fig. 4.7 (Budyko and Vinnikov, 1973). The
gradient is expressed in degrees of temperature per ten degrees of lati-
tude. The anomalies were determined by the least squares method based
on the mean latitudinal temperature for every 5° zone in the interval from
25°N to 70°N and averaged over running S-year periods.

The figure shows a continuous decrease in the meridional temperature
gradient from the 1890s to the 1930s except for two comparatively short
periods—the first years of the 20th century and the second half of the
1910s—notable for a temperature gradient rise. In the second half of the
1930s the meridional gradient began rising and in the mid-1960s its anoma-
lies corresponded to those at the turn of the century.

It was generally accepted in the early 1970s that a tendency toward cli-
matic cooling appeared during the last few decades. Since the sign of tem-
perature fluctuations changes relatively rarely, the scientists concerned
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Fig. 4.7 Secular course of anomalies of the meridional temperature gradient over the 25—
70°N latitude zone: (a) mean annual anomalies, (b) mean anomalies for the warm half-year,
(¢) mean anomalies for the cold half-year.

with climatic change almost unanimously believed that the temperature
would continue to decrease in the near future.

In this connection, the conjectural further cooling that might result in
the development of glaciations and worse climatic conditions for agricul-
ture excited apprehension. The unfavorable climatic conditions due to
shortening of the growing season and a decrease in the temperature totals
over the vegetation period were expected mostly in countries of the mid-
latitudinal belt with surplus moisture conditions. The available data show
that in the same latitudinal zone climatic cooling had the opposite effect
on agriculture in many regions of continental climate because of an in-
crease in precipitation and a decrease in drought occurrence.

Lamb (1973b) mentioned that more than 20 forecasts of the early 1970s
concerning climatic change predicted a cooling trend in the next decades.
He indicated, however, a lack of sufficient scientific grounds for these
forecasts. Two years later he obtained the first evidence of a possible cli-
matic change toward warming (Lamb ef al., 1975). These data describe
the thermal regime in the North Atlantic where, in the region of Green-
land and the Norwegian seas, the previous tendency toward temperature
decrease has changed to warming since the winter of 1970-1971. Willett
(1974), analyzing observational data on the air temperature, has come to a
similar supposition concerning a new warming trend since the beginning
of the 1970s. The data presented by Willett and Lamb called for a detailed
study of climatic variations of recent years.
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Fig. 4.8 Secular course of air temperature anomatlies: (1) for the 17.5-87.5°N latitude zone,
(2) for the 72.5-87.5°N latitude zone.

In further studies of the problem (Borzenkova et al., 1976; Budyko and
Vinnikov, 1976) the data on variations in the mean air temperature near
the earth’s surface have been supplemented by new information covering
the time up to 1975.

Figure 4.8 shows the secular variations in the air temperature anomalies
through the most of the Northern Hemisphere (17.5°N northward) (curve
1). The data are averaged over running 5-year periods.

Analysis of the mean annual temperatures reveals that the trend of the
temperature variations in the Northern Hemisphere has recently changed
sign. The gradual temperature decrease came to a halt in the mid-1960s
and was followed by a temperature rise, which intensified in the late 1960s
and early 1970s.

The rate of the temperature rise 8 over the 1964—1975 period has been
estimated as 0.3°/10 yr.

Subsequently Vinnikov and Kovyneva extended the latest observa-
tiona! data on air temperature to 1977 and improved the earlier data used
for determining a trend in the temperature variations. They have found
B = 0.2°/10 yr for the 1964—1977 period.

As mentioned above, the air temperature variations have especially
large amplitudes in high latitudes and during the cold seasons. Figure 4.8
also shows the data on secular variations in the air temperature in the lati-
tudinal zone north of 72.5°N for average annual conditions (curve 2).

The rate of the mean annual temperature increase for this latitudinal
belt is 0.9°/10 yr and 1.3°/10 yr for the temperature of the cold half-year,
according to the data for the 1964—1975 period.

The different amplitudes of the low and high latitudinal temperature
variations result in significant variations in the mean meridional tempera-
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ture gradients that accompany the secular air temperature variations of
the Northern Hemisphere.

Examination of the secular variations in the mean meridional air tem-
perature gradient within the latitudinal belt 22.5-77.5°N has shown that
annual variations in the gradient are 10% of the average magnitude over
the period in question. On the average, a 0.1° temperature rise in the
Northern Hemisphere due to more intensive warming in high latitudes
leads to relative decreases in the meridional gradient of 1% for the cold
season and 0.5% for average annual conditions. Since a relationship be-
tween anomalies of the mean meridional air temperature gradient and the
moisture conditions in the interior continental mid-latitudinal areas has
been discovered, the air temperature variations in the Northern Hemi-
sphere affect agriculture, especially in regions of unstable moisture condi-
tions.

The problem of the variations in the mean air temperature for the last
years has attracted the attention of a number of scientists. Damon and
Kunen (1976) discovered evidence for warming in the Southern Hemi-
sphere and in the Antarctic in particular. However, we should bear in
mind that estimation of the mean air temperature and its variations in the
Southern Hemisphere is fraught with great difficulties because of rela-
tively few meteorological stations in this area.

Angell and Korshover (1977, 1978) have used observational data from
63 aerological stations to study air temperature variations. In their first
paper they concluded that from 1958 to 1965 the mean air temperature
near the earth’s surface as well as in the troposphere decreased by ~0.3°,
After that time the temperature variations were insignificant but the last
few years have witnessed a slight warming. Their second paper states that
in 1976 the mean temperature was unusually low. However, in the au-
thors’ opinion, this does not affect their conclusion concerning the rela-
tively small variations in the temperature after the mid-1960s. Barnett
(1978), who used a considerably larger data pool of temperature observa-
tions near the earth’s surface in the Northern Hermisphere, has obtained
results concerning the trend of variations of the average hemispheric tem-
perature that are similar to those of Angell and Korshover.

Painting (1977) has studied fluctuations in the thermal regime that oc-
curred in recent years in middle and high latitudes of the Northern Hemi-
sphere. He has concluded that in the region north of 60°N the previous
tendency toward cooling changed to warming in the 1970s. In his opinion,
at lower latitudes (from 40 to 60°N) cooling proceeded in the lower tropo-
sphere.

A paper by Walsh (1977) presents an analysis of data on the air tem-
perature near the earth’s surface in high latitudes of the Northern Hemi-
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sphere over the 1954—1975 period. Walsh has discovered a change to
warming since the mid-1960s in the region of the previous cooling trend.
Considering the data on the mean temperature variations in the 1000-
500 mbar layer of the Northern Hemisphere covering the 1943-1976 pe-
riod, Harley (1978) has revealed cooling and warming periods before and
after 1965, respectively, the temperature change being greater in low than
in high latitudes. He also mentions a temperature decrease at the very end
of the period in question.

A survey of the data on contemporary climatic change (Kukla ef al.,
1977) presents evidence on variations in the mean air temperature near
the earth’s surface in the Northern Hemisphere obtained by Yamamoto
and co-workers and data on the mean temperature fluctuations in the 500-
1000 mbar layer according to Dronia. The first group of data shows in par-
ticular that from the 1950s to the mid-1960s a temperature drop occurred
in high latitudes of the Northern Hemisphere, which was followed by a
temperature rise accompanied by great interannual variability. The data
on the air temperature in the lower troposphere show that there was a
temperature decrease until the mid-1960s and later relatively small varia-
tions in the temperature.

The fact that the above results from different authors do not agree com-
pletely is explained by the different data they used in the studies.

First, it is evident that the trends of the mean air temperature variations
in the troposphere as a whole and even in its lower layers might not coin-
cide with the trends of temperature variations near the earth’s surface.
This is not only possible but inevitable if an increase in atmospheric CO,
affects the temperature variations. (In this case the warming near the
earth’s surface must be accompanied by cooling in the upper atmospheric
layers while the mean temperature of the atmosphere remains stable; see
Chapter 1.)

When we are evaluating the reliability of conclusions concerning tem-
perature trends, the data pool and its quality are of great importance. We
shall not dwell on this question but emphasize the necessity of having ob-
servational data from hundreds of stations that cover more or less evenly
both land and ocean for reliable estimation of trends in mean air tempera-
ture variations. Unfortunately, not all investigations meet this require-
ment.

Some authors commit the obvious mistake evaluating air temperature
trends on the basis of short-term observations, sometimes carried out for
only a year. For instance, in Harley (1978), a conclusion based on the ab-
normally low 1976 temperature became the grounds for the supposition of
the beginning of a new cooling period.

Though it is quite clear that such an approach is wrong when we are
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defining temperature trends, we mention here that the mean air tempera-
ture in the Northern Hemisphere was higher than normal in 1977, and that
is why the mean air temperature over two years— 1976 and 1977 —dif-
fered little from the previous mean value.

It is worth noting the conclusion that in the middle or late 1960s global
cooling ceased or changed to a warming trend (the latter is more probable)
that was most pronounced in high latitudes of the Northern Hemisphere.
This conclusion can be drawn even from investigations that are based on
not entirely homogeneous materials.

The study of modern changes in the thermal regime of the atmosphere
draws attention to the data on the temperature fluctuations of oceanic
waters. These data have been analyzed by Grigor’eva and Strokina
(1977), who constructed diagrams of the secular variations in the anoma-
lies of water temperature in the Barents Sea and in the Atlantic from 30 to
40°N and to 60 to 70°W (Fig. 4.9). If we compare this figure with Fig. 4.8,
we shall see that water temperature variations in these regions agree well
with the fluctuations in the mean air temperature, with a small phase lag
that is evidently explained by the influence of the thermal inertia of oce-
anic waters. The paper mentions, however, that the secular course of
water temperature in other ocean areas is rather diverse and in some
cases does not coincide with variations in the mean global air tempera-
ture. The 1951-1960 observational data from weather ships show in par-
ticular that in the western and southern areas of the North Atlantic the
secular variations of the water temperature were opposite to those in the
eastern and northern areas. A similar conclusion has been drawn by Teich
(1971). The warming tendency based on recent data for the areas covered
by Fig. 4.9 does not reveal itself in the observations of water temperature
carried out in the North Pacific (Kukla et al., 1977).

The temperature of the ocean surface is believed to depend on global
variations in the thermal regime, not directly, but mainly through fluctua-
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Fig. 4.9 Secular course of anomalies of the mean annual temperature: (1) in the 0-200-m
water layer of the Barentz Sea (70.5-72.5°N, 33.5°E) and (2) on the surface of the North
Atlantic (30-40°N, 60-70°W).
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tions in the system of oceanic currents. For this reason, it is difficult to
use data for individual areas for evaluating the thermal state of the world
ocean. This, in turn, makes it more difficult to study the relationships be-
tween air temperature fluctuations and variations in oceanic temperature,
since there is no data on the secular variations of the mean water tempera-
ture for the entire surface of the ocean.

We can draw some essential conclusions concerning fluctuations in the
thermal regime on the basis of observations of the state of polar sea ice. It
should be borne in mind that sea ice boundaries depend strongly on air
temperature (Budyko, 1971), and, at the same time, ice position greatly
affects the thermal regime of the atmosphere. At high latitudes the air
temperature over the ice-free ocean surface during the cold seasons drops
only to a few degrees below zero, since under such conditions the ocean
releases plenty of heat into the atmosphere. Under the same conditions;
in the presence of ice cover that restricts heat flow from the ocean into the
atmosphere to a great extent, the temperature of the lower air layer can
fall to 10 to 20° or more below zero.

Consequently, the migration of the average boundary of polar sea ice
greatly influences the air temperature in relevant areas, especially in the
cold seasons. Unfortunately, observational data on the polar sea ice
boundary for the period of modern climatic change are rather limited. For
the entire last century, data on the ice position are available mainly for the
Atlantic sector of the Arctic and the adjacent seas. For the other areas of
the Arctic Ocean, as well as for the Antarctic, data on the polar sea ice
boundary refer only to the last 20 to 30 years.

Attempts have already been made to elucidate the relationship between
climatic change and migration of ice cover in the North Atlantic, in the
Barents and Kara Seas.

Rubinshtein and Polozova (1966) have mentioned that since the 1920s
the ice cover of the seas in the Atlantic sector of the Arctic has been de-
creasing. That process continued after the warming trend stopped and it
was going on in the Barents Sea until the mid-1950s. Only after that time
did the ice gradually start to increase. As for the offshore ice of Iceland, it
decreased from the end of the last century until the 1940s, when it began
to increase.

In describing changes in the ice boundary in the Arctic, the result ob-
tained by Flohn (SMIC, 1971) is noteworthy. He calculated the differ-
ences between the mean latitudinal temperature averages over the year in
the Northern Hemisphere for the periods 1931-1960 and 1961-1970.
Flohn’s diagram shows that from the equator to 50°N this difference ap-
proaches zero; in polar latitudes it rises sharply, reaching its maximum of
~1.0°C between 70°N and 80°N and then decreasing. This distribution is
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Fig. 4.10 Secular course of the extent of ice (1) in the Greenland Sea (thousands of square
kilometers) and (2) in the Barentz Sea (percentage of area).
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Fig. 4.11 Seasonal variations in the extent of sea ice (1) in the world ocean, (2) in the
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possibly connected with changes in the mean polar ice boundary, which
migrated to lower latitudes.

Figure 4.10 presents the secular variations in the ice of the Greenland
Sea (curve 1) and the Barents Sea (curve 2) from observational data.
Comparison of Figs. 4.8 and 4.10 shows that in this case variations in the
amount of ice agree well with fluctuations in the mean air temperature in
the Northern Hemisphere. In particular, the ice area decreases rapidly
with the development of the warming trend that began in the mid-1960s.

Among other investigations of Arctic Sea ice, we mention here the
work of Sanderson (1975), which called attention to a decrease in the
amount of ice in most areas of the Arctic in the 1969-1974 period. A de-
tailed description of modern changes in the ice cover of the Arctic Sea is
given in a paper by Zakharov and Strokina (1978). We present here a dia-
gram from this paper (see Fig. 4.11) showing seasonal variations in the sea
ice area in the world ocean (curve 1), in the Northern Hemisphere (curve
2), and in the Southern Hemisphere (curve 3).

Figure 4.12 illustrates variations in the ice area in the Arctic Sea over
the last decades for three months (July, August, and September) (also
from Zakharov and Strokina, 1978). The figure shows that from the begin-
ning of the 1940s to the mid-1960s the ice area increased by more than
10%, and since the mid-1960s it decreased by ~ 10%. Such a change in the
ice cover is in complete conformity with the fluctuations in the mean air
temperature at high latitudes.

There are data showing that in the first half of the 1970s the sea ice area
also decreased in the Southern Hemisphere (Kukla er al., 1977).

Changes in precipitation

Drozdov, Lamb, and others have established that, during the epochs of
warming and cooling, precipitation in various regions of the earth varied
to a great extent.

Figure 4.13 presents secular variations in the total precipitation for the
cold seasons of the year (from November to March) in the steppe and for-
est-steppe zone of the USSR. The precipitation totals are calculated for
running 5-year periods according to observations carried out at 21 sta-
tions. Comparing Figs. 4.8 and 4.13 we can see that a rise in the mean air
temperature and a decrease in the meridional temperature gradient are ac-
companied by a decrease in precipitation in regions of unstable moisture
conditions.

Drozdov and Grigor’eva (1963, 1971) have mentioned that during the
epoch of the greatest warming (for instance, 1930s) droughts covering
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Fig. 4.13 Secular course of total precipitation during the cold period in steppe and forest-
steppe zones in the USSR.

vast expanses of insufficient moisture zones of the USSR and North
America were more frequent than in the previous and subsequent dec-
ades. As is known, in this very period a drastic drop (about 170 ¢m) in the
level of the Caspian Sea took place, caused by decreased precipitation in
the Volga River basin.

Shnitnikov (1969) and other investigators have noted that fluctuations
in the level of the Caspian Sea are similar in many respects to variations in
the levels of several European lakes and consequently they reflect large-
scale anomalies in the regime of atmospheric precipitation.

It is possible that the secular variations in the precipitation are to a
great extent dependent on variations in the meridional temperature gradi-
ent, which affects the nature of the atmospheric circulation.

The intensity of water vapor transfer from the ocean to inland regions
varies with changes in the meridional temperature gradient. A decrease in
the meridional gradient is accompanied by weakening of the water vapor
flow from the ocean to the interior of the mid-latitudinal belt of the conti-
nents and by a drop in the amount of precipitation over most of the inland
areas. The opposite occurs when the meridional temperature gradient in-
creases.

This conclusion is well confirmed by the observational data. For exam-
ple, Fig. 4.14 shows the dependence of the total precipitation during the
cold period of the year in the steppe and forest-steppe zone of the USSR
on the meridional temperature gradient over the running 5-year periods
from 1891 to 1960. It follows from the figure that there is a relationship
between the parameters in question, which is described by a correlation
coefficient of 0.78. As can be seen, the total precipitation over this terri-
tory varied by almost 50% from its mean value in some 5-year periods.
Such precipitation changes over vast areas obviously greatly affect river
runoff and crop yields, which are strongly dependent on precipitation in
regions of insufficient moisture conditions. Variations in the level of the
Caspian Sea, which are closely connected with the precipitation regime in
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Fig. 4.14 Dependence of precipitation for the cold period in steppe and forest-steppe areas
in the USSR on anomalies of meridional temperature gradient in latitudes 25~70°N.

the Volga River basin, clearly reveal the effect of precipitation fluctua-
tions on river runnoff.

It is interesting to compare changes in moisture conditions in the middle
latitudes on the continents in the northern part of the Eastern and West-
ern Hemispheres. To study ‘the interconnections between these varia-
tions, deviations of the wheat crop from smoothed secular means in the
USA over 5-year periods (1910—1971) have been used. These data are the
basis for the conclusion that in some 5-year periods the wheat yield on the
whole in the USA varied by up to 16% of the normal yields. These varia-
tions in the harvest are explained to a great extent by fluctuations in the
moisture conditions, which follow, in particular, the coincidence of no-
ticeably decreased harvests with more frequent drought occurrence in the
period of warming. Since there are no similar data for vast territories in
Eurasia, we used data concerning fluctuations in the Caspian Sea level to
reflect moisture conditions.

In Fig. 4.15 the wheat yield anomalies in the USA are compared to
variations in the Caspian Sea level AH during the same periods. A fairly
close relationship has been discovered between these parameters, which
is described by a correlation coefficient of 0.74. This relationship confirms
that the abovementioned mechanism of the precipitation change has iden-
tical effects on the regime of moisture conditions in middle latitudes on
different continents.

This conclusion is also confirmed by direct observational data on the
precipitation regime in North America. Landsberg (1960) compared air
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Fig. 4.15 A correlation of wheat yield anomalies in the USA with changes in the Caspian
Sea level.

temperature and atmospheric precipitation totals in the USA over two 25-
year periods: 1906-1930 and 1931-1955. During the second period the
mean annual air temperature near the earth’s surface was 0.5° higher than
during the first.

The comparison of the amount of precipitation over these periods is not
ideal for the purpose of determining the effect of the meridional tempera-
ture gradients on the precipitation regime because an abrupt change in the
meridional gradient took place, not at the time between the given periods,
but around 1920. Nevertheless, Fig. 4.8 clearly shows that during the sec-
ond period considered by Landsberg the mean meridional temperature
gradient was less than during the first period. According to Landsberg,
annual precipitation totals over most of the USA territory were smaller
during the second period than during the first, which agrees with the
above conclusion,

A detailed study of the effect of variations in the meridional tempera-
ture gradient on the precipitation regime was carried out by Drozdov and
Grigor’eva (1963, 1971). They have found that in high latitudes the general
characteristics of precipitation variations during warming or cooling peri-
ods are rather complicated, but in areas of insufficient moisture condi-
tions in mid-latitudes, a tendency prevails of precipitation increase with a
temperature decrease in the Arctic. Drozdov and Grigor’eva attributed
this effect to a more intensive water vapor transfer into the interior of the
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data by Borzenkova er al. (1976).

continents when there is an increased temperature contrast between high
and low latitudes.

This concept agrees well with the results obtained by Lamb (1974), who
constructed world maps of precipitation anomalies for the periods of in-
creased and decreased mean air temperatures near the earth’s surface. It
can be seen from these maps that during global cooling the total precipita-
tion increased over most of the continental surface in middle latitudes, de-
creased in the subtropical and tropical zones of high pressure belts, and
increased in the equatorial latitudes. Lamb’s conclusions have been cor-
roborated by Borzenkova et al. (1976), who studied the relationship of the
precipitation anomalies with the mean air temperature anomalies in some
important agricultural regions of the world. Figure 4.16 presents the rela-
tive anomalies of the mean latitudinal precipitation on the surface of the
continents during a global cooling period. Curve 1 is constructed from
Lamb’s data for the entire land surface and curve 2 is based on Borzen-
kova’s data for 9 regions on different continents. The agreement of the
curves shows that there is a certain relationship between the distribution
of atmospheric precipitation and global variations in the mean air tem-
perature.

Of great interest is the problem of the relationship of the occurrence of
drastic droughts and global climatic fluctuations. Rauner (1979) has no-
ticed that droughts in the USSR and in the USA often occur at the same
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time. This tendency shows the effect of global factors on drought occur-
rence. Rauner also presents data on the frequency of prolonged and se-
vere droughts embracing most of the crop regions of the Soviet Union
from 1815 to 1976. For our purpose we divide this interval into two peri-
ods: 1815-1919 and 1920-1976. The data on the thermal regime show that
the mean air temperature for the Northern Hemisphere, averaged over 5-
year intervals, was, as a rule, lower during the first period than during the
second for any of the 5-year intervals. According to Rauner, the fre-
quency of severe droughts was 1.1/10 yr during the first period and
1.9/10 yr during the second. This conclusion agrees well with the results
of other investigations given above.

Causes of climatic change

Reasons for the present change in climate have been found compara-
tively recently as a result of research accomplished during the past few
decades.

Humphreys (1913, 1929) was the first to express views regarding the re-
lationship between contemporary climatic change and volcanic activity.
His works had already established that the average amount of direct solar
radiation incident on the earth’s surface under cloudless conditions varies
noticeably for different years. These variations can be seen quite clearly
from plots of the secular variations of the direct radiation based on obser-
vational data from actinometric stations.

The same curves show that these yearly changes in the direct radiation
also vary, on the average over longer periods such as decades.

It is interesting to compare secular variations of the temperature of the
Northern Hemisphere to those of radiation incident on the earth’s sur-
face. With this aim in mind, an analysis of the actinometric observations
over the 18801965 period for some European and American stations in
the 40—60°N latitudinal belt that had the most long-term data series has
been carried out, and a curve of the secular variations in the direct radia-
tion under clear sky conditions averaged over all these stations has been
constructed (Budyko and Pivovarova, 1967; Pivovarova, 1968). Figure
4.17 presents solar radiation smoothed over running 10-year periods for
the indicated time intervals (curve b). As can be seen, the solar radiation
had two maxima, the first being short-term at the end of the 19th century
and the second, a longer one, with the greatest values for radiation in the
1930s.

We can state two suppositions concerning the causes of variations in
direct radiation under clear sky conditions. The first deals with a relation-
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Fig. 4.17 Secular course of anomalies of (a) temperature and (b) direct radiation.
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ship of these variations to fluctuations in the astronomical solar constant
(the luminosity of the sun) and the second with fluctuations in the so-
called meteorological solar constant, i.e., the amount of radiation incident
on the upper boundary of the troposphere, which can vary at constant
solar luminosity because of the unstable transparency of the stratosphere.
The first hypothesis was proposed in several works, for example, the
study carried out by Bossolasco et al. (1964). In this work the data of
three actinometric stations laid the basis for the conclusion that the solar
constant increases with the intensification of solar activity (described by
Wolf numbers) up to a certain limit, and with a further increase in solar
activity, the solar constant decreases.

This concept of fluctuations in the astronomical solar constant was not
supported by most specialists in the field of actinometry, who believed
that the constant did not vary within the accuracy of measurements
(Allen, 1958; Angstrém, 1968). To clear up the physical nature of the
variations in the solar radiation revealed through the data presented in
Figure 4.17, radiation anomalies have been calculated for various alti-
tudes of the sun. Obviously, if relative variations in direct solar radiation
are connected with fluctuations in the astronomical solar constant, they
cannot depend on the altitude of the sun, whereas solar radiation changes
due to the unstable transparency of the stratosphere must differ consider-
ably with different altitudes of the sun. An analysis of the available data
has shown that the latter dependence does exist and agrees quite well
quantitatively with the results of calculations of the atmospheric transpar-
ency effect on the radiation based on formulas of atmospheric optics. As a
result, a conclusion has been drawn concerning the presence of fluctua-
tions in the meteorological solar constant while the astronomical solar
constant is practically invariable. The indicated conclusion is important in



4.2 Present-Day Climatic Changes 165

understanding the difficulty of revealing relationships between solar activ-
ity and climatic change (Khromov, 1973).

To elucidate the mechanism of modern climatic change we compare
curve b (Fig. 4.17) with the curve of secular temperature variations
smoothed over running 10-year periods (curve a). It is evident that curves
a and b are very much alike. For instance, there are two maxima in each
curve, one of them related to the end of the nineteenth century and the
other (the major one) to the 1930s. At the same time there are certain dif-
ferences between the curves. For example, the first maximum is more
pronounced for the secular variations of radiation than for the secular
temperature change.

Since curves a and b are similar, it is possible to believe that radiation
fluctuations due to unstable atmospheric transparency are essential for
climatic change. To clear up this problem we should calculate tempera-
ture variations as a function of atmospheric transparency fluctuations for
shortwave radiation.

The above-mentioned studies by Humphreys show that global fluctua-
tions in atmospheric transparency are primarily caused by relatively small
aerosol particles that stay for a long time in the lower stratosphere.
Humphreys (1913, 1929) believed that the smallest of these particles can
remain in the atmosphere for a few years. These particles have an insignif-
icant effect on longwave radiation but add considerably to the scattering
of shortwave radiation. As a result, the planetary albedo of the earth in-
creases while the radiation absorbed by the earth as a whole decreases.

It should be emphasized that since radiation is scattered by particles
mostly in the direction of the incident rays (Mie effect), the direct radia-
tion decreases more than the total solar radiation as a result of scattering.
Since the thermal regime of the earth is affected by the total radiation
variations, to estimate the stratospheric aerosol effect on climate we
should determine the total radiation response to stratospheric aerosol par-
ticles. For this purpose we can apply the method of calculation used by
Shifrin and his colleagues in investigating atmospheric optics (Shifrin and
Minin, 1957; Shifrin and Pyatovskaya, 1959).

The results of the investigations were used for determining the ratio of
the total radiation decrease to the direct radiation decrease for average
conditions at different latitudes in the presence of stratospheric aerosol.
The results are given in Table 4.3.

According to Shifrin’s calculations, the values in Table 4.3 are almost
independent of the particle size if the prevailing diameter varies from
0.02-0.03 to 0.2-0.3 um.

In evaluating the effect of fluctuations of the direct radiation on the
mean air temperature near the earth’s surface it is necessary to consider
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Table 4.3
Effects of Stratospheric Aerosol on Radiation Regime

Latitude (deg) 90 80 70 60 50 40 30 20 10 0

Total to direct 024 023 022 021 0.19 0.18 0.16 0.14 0.13 0.13
radiation de-
crease ratio

the dependence of the mean temperature on the incoming solar radiation.
Calculations of the mean temperature variations near the ground with
varying radiation income show that a 1% change in radiation leads to 1.1-
1.5° fluctuations in the mean temperature near the earth’s surface at a con-
stant albedo of the earth—atmosphere system (see Chapter 3).

Let us compare the radiation and thermal regime of the earth for two
30-year periods: 1888—-1917 and 1918—-1947. As seen in Fig. 4.17, the di-
rect radiation was 2.0% higher during the second period than during the
first. According to Table 4.3, the average weighted ratio of total radiation
change to direct radiation variations for the hemisphere is 0.16. Taking
this into account, we can find that the total radiation was 0.3% higher dur-
ing the second period. Such an increase in the total radiation corresponds
to a 0.33-0.45° mean temperature rise. During these periods the actual
temperature difference based on the data in Fig. 4.6 is 0.33°, which agrees
reasonably well with the results of calculations (Budyko, 1969a).

For a more detailed study of changes in the radiation and their effect on
the air temperature, we shall use the model of the atmospheric thermal
regime for different seasons that was presented in Chapter 3.

Figure 4.18 shows a section of the curve (Fig. 4.17, curve b) of secular
variations in the smoothed anomalies of direct radiation incident on the
earth’s surface under clear sky conditions for the 1910-1950 period. The
diagram is based on data from several actinometric stations in Europe and
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Fig. 4.18 Secular course of direct radiation anomalies for 1910—1950.
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North America in the latitudinal zone of 40-60°N. Relying on the above
hypothesis, we shall assume that the direct radiation changes are mainly
accounted for by fluctuations in the transparency of the lower strato-
sphere, caused by variations in the concentration of aerosol particles.

We can determine the secular variations in the direct radiation at differ-
ent latitudes both for average annual conditions and for individual sea-
sons. For this purpose we use the data presented in Fig. 4.18, taking into
account the relative optical depth of the aerosol layer and assuming that
the stratospheric aerosol content varies little at different latitudes of the
Northern Hemisphere.

As has been already mentioned, the total radiation changes due to fluc-
tuations in aerosol concentration represent a small portion of the varia-
tions in the direct radiation. We can calculate the temporal variations in
the total radiation at different latitudinal belts on the basis of the above
data, taking account of the dependence of the total to direct radiation
variations ratio on the altitude of the sun.

Figure 4.19 shows the ratio of the total radiation changes at different
latitudes of the Northern Hemisphere to the direct radiation variations at
S0°N for the warm and cold seasons of the year.

To calculate temperature variations corresponding to the above data on
radiation changes, the relationship of the thermal regime and the ice cover
should be taken into account. It is evident that in the calculation we
cannot use the assumption that the state of the ocean-polar-ice—atmo-
sphere system is stationary. This supposition can be true only for long pe-
riods of time because the thermal inertia of the ocean and especially the
continental ice cover is large. Therefore, such an assumption cannot al-
ways be used in the study of modern climatic changes, which have been at
work only for a few decades.

At the same time, we cannot ignore variations in the polar ice regime
that are connected with climatic change. For example, according to ob-
servational data, warming in the Arctic in the 1930s led to a contraction of
the sea ice area by approximately 10% (Ahlman, 1953; Chizhov and
Tareeva, 1969).

An accurate estimation of nonstationary processes in the ocean—polar-
ice—atmosphere system presents certain difficulties, especially since our
knowledge of the heat exchange mechanism between the surface and
deeper layers of the ocean waters is inadequate. Therefore, we think it
expedient to simplify numerical modeling of present climatic change and
roughly assume a certain relationship between the polar ice area and exte-
rior climate-forming factors for the indicated time periods. After the pa-
rameters of this relationship are determined from empirical data, it can
serve as a substitute equation replacing the expression that relates the
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Fig. 4.19 Relation of variations in total radiation at different latitudes in the Northern Hem-
isphere to variations in direct radiation at 50°N: curve 1, the warm season; curve 2, the cold
season.

polar ice area to the thermal regime elements under stationary conditions
in our model of the thermal regime.

In view of the semiempirical theory of the thermal regime, the relative
variations in the polar ice area are roughly proportional to radiation fluc-
tuations. This dependence is valid for comparatively small variations in
the polar ice area and can be written in the form

—AP/P = u AQy/Qp, (4.2)

where AP/P is the relative change in the polar ice area, AQ,/Q, the rela-
tive change in the total planetary radiation, and w a dimensionless coeffi-
cient.

For contemporary climate changes, u can be determined from the em-
pirical data on total radiation and ice cover fluctuations during the Arctic
warming. It can be seen from Figs. 4.16 and 4.17 that at that time there
was an ~2% increase in direct radiation in the region covered by actino-
metric stations, i.e., at S0°N, compared to the previous period.

Taking into account this estimate as well as the direct to total radiation
ratio and an assumed 10% decrease in the polar ice area during the Arctic
warming, we find u = 40. This is less than a similar coefficient based on
the semiempirical theory of the thermal regime under stationary condi-
tions.

It should be noted that this coefficient is a function of the time period
covered by the data used for its calculation and the accuracy of calcula-
tion is not very high in this case. However, numerical experiments have
shown that the error in the determination of the coefficient u affects the
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Fig. 4.20 Secular course of air temperature anomalies: (a) Northern Hemisphere; (b) 70—
80°N for the warm half-year; (c) 70-80°N for the cold half-year; ( )} observed data; (- -)
calculated results.

results of calculations of the air temperature distribution comparatively
little.

We can calculate the temperature variations at different latitudes for
the period in question on the basis of the data from Fig. 4.18 and the nu-
merical model of the thermal regime comprising the Eq. (4.2) instead of
the assumed relation between the ice boundary and the air temperature.
The results of this calculation are shown in Fig. 4.20 by the dashed
curves, which seem to be quite close to the observed temperature varia-
tions smoothed over 10-year periods (solid curves).

Attention should be drawn to the fact that the calculated temperature
variations would occur somewhat earlier than those based on observa-
tional data. The lag of the observed temperature variations is evidently
explained by the influence of the inertia of the ocean—polar-ice—atmo-
sphere system. Good agreement of the calculated secular variations in the
air temperature with the observational data is achieved with the help of
the numerical model of the thermal regime, whose empirical parameters
are determined without the data on temperature variations and which con-
sequently yields results independent of the empirical data used in the
comparison.

Examination of calculated temperature variations at different latitudes
shows that for most of the Northern Hemisphere the temperature rise in
the 1920-1930s was caused by increased total radiation coming to the
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earth’s surface. The temperature rise during the warm half-year as deter-
mined by calculation and as observed differs little at different latitudes.
As can be seen from the calculated values, a screening effect by the aero-
sol in high latitudes is intensified by the growth of its optical mass and an
increase in the total to direct radiation ratio with a decrease in the average
altitude of the sun. During the warm seasons the radiation effect on the
thermal regime in high latitudes becomes less intensive due to a decrease
in the solar radiation with increasing latitude. The above factors act in op-
posite directions and as a result temperature variations in high latitudes
are only slightly increased compared to those in low latitudes.

In the cold seasons the temperature variations in low and middle lati-
tudes differ little from the corresponding fluctuations during the warm
seasons. However, they increase sharply in high latitudes (mainly in the
70—80°N latitudinal belt).

Calculations show that in this case temperature variations were only
slightly associated with fluctuations in the solar radiation in the same sea-
son because during the cold half-year the radiation in high latitudes is very
small and does not significantly affect the thermal regime of the atmo-
sphere. The major cause of the temperature change in this case was the
change in polar sea ice area, which added appreciably to the air tempera-
ture rise in the cold seasons. The effect of change in polar ice position on
the temperature of the warm half-year was relatively small.

Savinov (1913), Kimball (1918), Kalitin (1920), and others have estab-
lished that after the great explosive volcanic eruptions an abrupt decrease
in the solar radiation took place.

In such cases the direct radiation averaged over vast territories may be
reduced by 10-20% over several months or years. Figure 4.21 presents an
example of such a radiation reduction. It shows the change in the ratio
between the monthly means of the direct radiation under a clear sky and
its normal values after the eruptions of the volcano Katmai in Alaska. The
curve is constructed from the observational data of several actinometric
stations in Europe and America. It shows that in certain months the atmo-
spheric aerosol reduced the direct radiation by more than 20%.

In some areas the direct radiation decrease was even more significant.
For example, in Pavlovsk (in the vicinity of Petersburg), which is situated
at a great distance from Alaska, the solar radiation was 35% below the
normal value for half a year. Similar radiation changes also occurred after
the volcano Krakatoa (in Indonesia) erupted in 1883. In both cases, after
the volcanic eruptions, vast territories witnessed abnormal optical phe-
nomena in the atmosphere, which confirmed the planetary nature of the
changes in the radiation regime caused by the distribution of stratospheric
aerosol.
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Fig. 4.21 Changes in direct radiation after volcanic eruptions.

A better opportunity to study the effect of volcanic eruptions on the
solar radiation regime appeared with the establishment of a world net-
work of actinometric stations that was formed mainly in the 1950s as a
result of preparations for the International Geophysical Year. Since then,
the first large volcanic eruption of an explosive nature occurred in Indone-
sia in March 1963 (the volcano Agung on the island of Bali). The effect of
this eruption on the radiation regime has been studied with far greater ac-
curacy than was possible for the previous eruptions.

Shortly after the Agung eruption, the effect on the radiation income was
detected in various regions of the world (Burdecki, 1964; Flowers and
Viebrock, 1965; Dyer and Hicks, 1965, 1968; Budyko and Pivovarova,
1967). To estimate the effect of the Agung eruption on the radiation re-
gime of the USSR, Budyko and Pivovarova have treated observational
data on the intensity of the direct radiation at noon from a number of ac-
tinometric stations in the Soviet Union over the 1957-1966 period.

They established that from 1957 to November 1963 the monthly values
of the direct radiation averaged over 22 stations situated between 40 and
60°N varied comparatively little. Since December 1963, the values de-
creased abruptly (see Table 4.4). A systematic change was registered
since the end of 1963, although certain fluctuations in the intensity of di-
rect radiation from month to month, apparently due to instability of the
atmospheric circulation, have been observed earlier.

Since the intensity of direct radiation decreases much more in winter
than in summer, it is quite evident that the reduction is explained by fluc-
tuations in atmospheric transparency and not by solar constant fluctua-
tions.

To compare variations in the radiation over USSR territory with those
over other regions of the globe on the basis of observations carried out at
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Table 4.4
Deviation of the Direct Radiation Intensity from the Normal over the USSR (in %)

Month

Year I 11 II1 Iv. v VI VII VHI IX X XI XII Annual

1963 -1 3 -2 2 2 2 2 1 0 -1 -2 -10 0
1964 —-10 -3 -6 -7 -2 -1 -3 -2 -3 -6 -—-8 -16 -5
1965 —-15 -7 —-11 -5 -4 -3 -3 -2 -5 -2 -9 -12 -6
%66 —10 -9 -7 -4 -2 -1 i 0 -2 -4 -7 =7 —4

several stations outside the Soviet Union, differences in the intensity of
direct radiation at noon in 1964 and 1958 have been calculated. The trans-
parency of the atmosphere in 1958 was assumed to approach the average
conditions of the late 1950s and early 1960s. The results of our calculation
are presented in Table 4.5.

The data from the table clearly show that the decrease in the direct ra-
diation that occurred in 1964 was also observed in Western Europe, North
America, and the central Pacific. All the stations whose data have been
included in the table are situated in relatively low latitudes where the av-
erage altitude of the sun varied little through the year. Therefore, in these
cases there is no appreciable annual variation of the differences in the di-
rect radiation intensity.

The observational data on scattered radiation have shown that since
1963 a drop in the direct radiation was accompanied by a sharp rise in the
scattered radiation tkroughout USSR territory. This follows, for example,
from Table 4.6, which shows relative variations in the scattered radiation
at noon, under clear sky, averaged for 22 Soviet stations.

If we compare the absolute values of the decrease in the direct radiation
incident on the horizontal surface and the increase in the scattered radia-
tion over the USSR territory, it can be established that the total radiation
varied comparatively little over the period considered. Although it is diffi-
cult to determine the value of this change from the empirical data, it can
be calculated, as shown above, on the basis of the direct radiation varia-
tions.

Dyer and Hicks (1968) have studied the effect of the Agung eruption on
the direct radiation using observations made at several dozen actino-
metric stations covering both the Northern and the Southern Hemi-
spheres. They have found that the aerosol particles that decreased radia-
tion spread over the entire globe, from the South Pole to the high latitudes
of the Northern Hemisphere. It took only a few months for them to
diffuse and the high concentration that considerably reduced radiation



Table 4.5

Difference in the Intensity of Direct Radiation in 1964 and 1958 (in %)

Month
Station I 51 111 v \' Vi VII VIII X X XI XII Year

Porto, Lisbon, -7 -10 —6 -11 -9 -9 -10 -7 -12 -10 -12 -14 -10

and Faro (Portugal)
Blue Hill and -12 -3 ~5 -3 —4 -4 -4 —4 -6 -5 -9 -4 -6

Albuquerque

(North America)
Mauna-Loa — —4 — -7 -6 — -6 -4 -6 -6 -6 -4 -6

(Hawaii)
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Table 4.6
Deviation of the Scattered Radiation Intensity from the Normal over the USSR (in %)

Month

Year 1 n m I1v Vv VI vl Vil IX X X1 XII  Year

1964 10 7 12 22 17 6 19 6 3 9 11 25 14
1965 20 14 24 17 22 25 12 6 8 9 11 12 14

remained at most latitudes for about two years. It should be noted that the
above data for the Soviet Union exhibit a longer period of considerable
reduction in the radiation after the eruption of the Agung volcano. It is
possible that only relatively fine particulates reached the middle latitudes
of the Northern Hemisphere and it took them longer to settle. Dyer and
Hicks present data from various sources on the properties of the aerosol
cloud that originated after the Agung eruption. The average altitude of the
cloud was evidently 15-20 km, the average radius of the aerosol particles
varied from 0.5-1.0 um in the first months to 0.1-0.15 um a year later.
Dyer and Hicks believe that the aerosol cloud formed at a height of 22—
23 km and then its particles began settling at speeds appropriate to their
sizes.

Taking into account a strong dependence of the radiation regime on vol-
canic eruptions, we may suppose that an increase in the radiation at the
end of the nineteenth century resulted from the removal from the atmo-
sphere of the aerosol particles produced by the Krakatoa eruption. A sub-
sequent reduction in the radiation took place after the eruptions of Mont
Pelée and other volcanoes in the early twentieth century [anomalies start
decreasing on the curve of secular variations in the radiation (Figs. 4.17,
4.18) before these eruptions took place, which is explained by the 10-year
smoothing effect]. The 1915-1920 increase in radiation is apparently ex-
plained by an increase in transparency that resulted from the settling of
the aerosol after the Katmai eruption. After this, there were no large erup-
tions for a long time.

The problem of how changes in radiation after certain intensive erup-
tions affect the thermal regime have been dealt with in a number of em-
pirical studies. As has been established, the mean temperature near the
earth’s surface decreased by a few tenths of a degree within a period of
several months to several years after large eruptions (Humphreys, 1929;
Mitchell, 1961, 1963; Angell and Korshover, 1977). Let us consider the
effect of the radiation change due to volcanic eruptions on temperature. It
is possible to calculate the effect according to a theoretical scheme, taking



4.2 Present-Day Climatic Changes 175

into account the heat conductivity and the thermal capacity of ocean
water. Since we are interested only in an estimate of this effect, we shall
use a simple empirical relationship between radiation and temperature
fluctuations.

Let us assume that the rate of the mean temperature variation at the
earth’s surface is proportional to the difference between the temperature
at a given moment (7) and the temperature corresponding to stationary

conditions (7}), 1.e.,
dT/dt = —NT — T,), 4.3)

where A is a coefficient of proportionality. Designating the temperature at
an initial moment by T,, we obtain from (4.3)

T—T, =(T, — T,)e™. (4.4)

For rough estimation of A, we use data on the annual variations in solar
radiation and temperature for the Northern Hemisphere, neglecting the
interaction of climatic conditions in the Northern and Southern Hemi-
spheres.

Since the ratio of the solar radiation at the outer boundary of the atmo-
sphere in the Northern Hemisphere during the warm seasons (April—Sep-
tember) to the average annual radiation is 1.29, we find from the relation-
ship of temperature to radiation changes (Table 3.6) that this change in
radiation could lead to an ~40° temperature rise in the case where the
heat inertia is absent. The observed difference between the mean tem-
peratures in the Northern Hemisphere for the warm season and for the
entire yearis 3.5°. In this case, if T — T, = 3.5°and T, — T, = 40°forr = }
of the year, we find A = 0.4/yr according to Eq. (4.4).

Taking this result into account, let us determine the mean temperature
variations throughout the year after a volcanic eruption that has caused
the direct radiation to decrease by 10% on the average over the year. In
this case the decrease in the total radiation is 1.5% and T, drops by ~2°.
We find from (4.4) that the temperature change after the eruption appears
to be a few tenths of a degree. This result agrees well with the mean an-
nual temperature anomaly after an intensive explosive eruption.

A more detailed calculation of temperature variations after volcanic
eruptions of an explosive nature has been carried out by Borzenkova
(1974) who also used for this purpose a semiempirical model of the ther-
mal regime of the atmosphere and Eq. (4.4) involving the mean tempera-
ture change near the earth’s surface with time. Borzenkova has concluded
that after a volcanic eruption the temperature drop in the Northern Hemi-
sphere becomes more pronounced with increasing latitude in both the
warm and cold seasons of the year.
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Such calculations, of course, present a very schematic picture of the
effect of volcanic eruptions on the thermal regime of the atmosphere.

Thorough empirical investigations of the air temperature change after
intensive volcanic eruptions of an explosive nature carried out by
Pokrovskaya (1971) and Spirina (1971) have revealed more complex regu-
larities in the effect of a single eruption on the thermal regime of the atmo-
sphere. They have established that after intensive eruptions the air tem-
perature falls significantly for a few years during the warm seasons. In the
Northern Hemisphere this temperature drop reaches it maximum in the
northern part of the middle latitudes. During the cold seasons the tem-
perature change acquires a more complex character. The temperature
usually decreases in the polar zone but it often increases in the middle
latitudes. As a result, the mean annual temperature drops considerably
more in high latitudes than in mid-latitudinal belts.

According to Pokrovskaya, these regularities in the air temperature
variations after eruptions are explained by the prevailing influence of the
radiation factors on the climatic conditions of the warm seasons when an
increase in the optical depth of the aerosol layer adds to the temperature
drop in the polar zone. During the cold seasons the temperature distribu-
tion depends mostly on the fluctuations in the atmospheric circulation that
are caused by variations in the heat income at various latitudes.

Tables 4.3 and 4.5 demonstrate that in the middle latitudes the relative
effect of the aerosol particles on radiation is less intensive in the warm
seasons than in the cold ones. The cause is evidently the increase in the
optical depth of the aerosol layer with a decrease in the average altitude of
the sun.

Since in the middle latitudes the amount of radiation is considerably
less in the cold seasons than in the warm period of the year, the annual
change in the absolute values of radiation variations appears to be much
less than that of the relative values given in Tables 4.3 and 4.5. All the
same, a comparatively large decrease in the radiation during the cold pe-
riod cannot but strongly affect other components of the heat balance of
the earth—atmosphere system. It is likely that this effect reveals itself
mostly in the variations of the heat exchange in the upper oceanic layers
whose large thermal inertia results in the summer temperature change de-
scribed by Pokrovskaya and Spirina.

To determine the effect of volcanicity on long-term (of the order of a
few decades) temperature variations we should look at the data presented
by Lamb (1970a), who compared the temperature anomalies over differ-
ent periods of time with an index describing the average reduction of the
atmospheric transparency after eruptions. Lamb expressed this index in
relative units that define the effect of volcanic eruptions on the transpar-
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ency of the atmosphere in terms of the effect of the Krakatoa eruption
that took place in 1884.

A correlation coefficient of —0.94 has been obtained between Lamb’s
index and the temperature anomalies in the Northern Hemisphere (from
the equator to 60°N) averaged over decades from 1870 to 1959. This con-
firms a close relationship between volcanicity and temperature variations.
According to Lamb, this relationship failed at the end of this period. The
reasons for this failure will be considered in Chapter 5.

The relation between the amount of sea ice along the shoreline of Ice-
land and the index of atmospheric opacity suggested by Lamb is of certain
interest in view of the above conception of the nature of modern climatic
changes. The correlation coefficient between the above parameters ap-
pears to be 0.61 for 10-year intervals from 1780 to 1959. This seems to be
rather high, since estimates of the characteristics of the processes studied
were fairly rough, especially for the first part of the given period.

In elucidating the mechanism of the influence of volcanic eruptions on
the climate we should dwell on the dependence of climatic conditions on
the atmospheric aerosols. In addition to water droplets and ice particles in
clouds and fogs, the atmosphere contains a large number of suspended
solid and liquid particles of different chemical composition. These parti-
cles range in size from 1072 to 107%-10"7 cm. Most of the atmospheric
aerosol comprises the so-called ‘‘large’’ particles with a radius from 1075
to 10~* cm and ‘‘giant’’ particles over 10~ cm in radius.

The available estimates show that from 800 to 2200 million tons of the
particulate matter forming the aerosol particles enter the atmosphere an-
nually from natural sources. About 200—400 million tons are formed by
man-made pollution. The aerosol particles include airborne soil particles,
sea-salt particles from the ocean surface, soot and ashes from forest fires
and combustion gases, as well as particles formed by chemical reactions
of sulfur dioxide, hydrogen sulfide, ammonia, and other gases entering the
atmosphere, from the earth’s surface (SMIC, 1971).

The great majority of atmospheric aerosol particles is concentrated in
the lower layers of the troposphere and the residence time of separate
aerosol particles there is relatively short. The larger particles fall out
under the influence of gravitational forces more rapidly than the smaller
ones, which are transported downward to the earth’s surface by the air
currents and atmospheric precipitation that play an important part in re-
moving aerosols from the atmosphere. According to the available esti-
mates, the average residence time of aerosol particles in the troposphere
is about 10 days. Taking this into account, we find that the atmosphere
contams approximately 30—70 million tons of aerosol.

The aerosol burden in the stratosphere is considerably less. However,
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the aerosol particles there have a much longer lifetime as compared with
the troposhere. The majority of the stratospheric particles range from 1 to
0.1 um in radius (large particles). They are less affected by gravitational
forces and fall out relatively slowly. Since there are weak vertical air mo-
tions and no precipitation, the aerosols have a residence time in the strat-
osphere of a few months to a few years.

The direct observations of the stratopheric aerosols that were started
by Junge (1963) have shown that their typical forms are droplets of H,SO,
and, to a lesser extent, salts of H,SO,, mainly represented by ammonium
compounds. The majority of stratospheric aerosol particles are concen-
trated in a layer several kilometers thick whose center is at an altitude of
18-20 km. This layer is called the suifate layer or the Junge layer.

According to Junge, the aerosol particles of the sulfate layer generally
originate from SO, entering the stratosphere from the lower layers of the
atmosphere. Sulfur dioxide interacts with atomic oxygen by photochemi-
cal reaction and forms SO,, which turns into droplets of H,SO, by inter-
action with water vapor.

Studies of circulation processes in the stratosphere have shown that, if
a source of stratospheric aerosol is in the extratropical latitudes, the aero-
sol spreads rapidly within the hemisphere but disperses only slowly into
the other hemisphere. If the aerosol source is near the equator, it spreads
through both hemispheres (Karol, 1972).

The particles of stratospheric aerosol gradually settle, both under the
influence of the gravitational force and as a result of large-scale air mo-
tions that transfer the particles to the troposphere where they are rapidly
washed out by precipitation. The second of these mechanisms for remov-
ing aerosols from the stratosphere is evidently important for large parti-
cles and the first for giant particles, whose number in the stratosphere is
insignificant due to their rapid removal.

According to Karol's data (1973), large particles remain in the strato-
spheric layer at a height of 20 to 30 km for an average of 20 to 40 months.
In the tropopause this term contracts to 6—20 months. Both periods can
vary considerably according to the intensity of air exchange between the
stratosphere and the troposphere.

The study of the dependence of vertical radiation fluxes in the atmo-
sphere on aerosol concentration is of great importance in clarifying the
effect of atmospheric aerosols on climate. Starting with the above-men-
tioned works of Humphreys, this dependence has been treated by many
authors. Humphreys’s conclusion concerning a usually slight influence
exerted by atmospheric aerosols on longwave radiation has been con-
firmed by subsequent studies.

Moreover, it has been established that atmospheric aerosols can appre-
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ciably change the flux of shortwave radiation due to backscattering and
absorption of the radiation by the aerosol particles. As mentioned above,
in the process of backscattering of radiation by particles whose sizes
range from a few tenths of a micron to several microns, the scattering is
strongly increased in the direction of the incident ray and, as a result, the
aerosols affect the direct radiation more strongly than the total radiation.
The question relating to the absorption of shortwave radiation by the
aerosol particles is less thoroughly treated than that of backscattering
since there is a shortage of experimental data on absorption coefficients.
The available data show (Gaevskaya, 1972) that the reduction of the direct
radiation flux due to absorption by the aerosol particles is obviously less
than that resulting from backscattering, although both effects can be
quantitatively comparable.

We can present some estimates of the effect of the atmospheric aerosol
on the reduction of the shortwave radiation flux. The simplest method of
obtaining such an estimate is based on the comparison of the average cli-
matological value of aerosol reduction of the shortwave radiation flux
with the average mass of atmospheric aerosols.

According to Pivovarova’s (1968) and other authors’ data, we shall as-
sume that the average aerosol reduction of the direct radiation comes to
~10%. It follows from the above data that the mean aerosol mass in the
atmosphere is ~50 million tons or 107° g cm 2. Roughly half of this
amount refers to the giant particles whose number is insignificant; there-
fore they affect the radiation process slightly. In this case an aerosol mass
of 0.5 X 107% g cm~2 reduces the direct radiation by 1%.

If this reduction was explained only by backscattering of radiation by
the aerosol particles, the corresponding decrease in the total radiation for
average conditions would come to ~0.15%. If the direct radiation reduc-
tion resulted entirely from its absorption by the aerosol particles, the de-
crease of the total radiation evidently would have been 1%. Let us assume
that both effects have a comparable influence on the reduction of the di-
rect radiation. In this case the aerosol mass decreasing the total radiation
by 1% should be ~107¢ g cm~2. This estimate is, of course, very rough.

In a number of studies calculations have been made concerning the ef-
fect of the aerosol mass on the reduction of the total radiation flux result-
ing from backscattering of radiation by the aerosol particles. Making the
first calculation of this type, Humphreys (1929) found that the radiation
decreases by 1% with an aerosol mass M = 0.6 X 1076 g cm™2. Similar
calculations have been made by Novosel’tzev on the basis of a scheme of
repeated scattering suggested by Sobolev and by Vinnikov on the basis of
a scheme of single scattering of Schifrin. They obtained M values of
0.4 x 10 and 0.6 X 107¢ g cm™2, respectively. A somewhat greater
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value has been obtained by Barrett (1971) who found M = 107¢ g cm™2
with scattering by the aerosol particles at low concentrations.

The value of M can also be obtained by calculation of backscattering by
the aerosol particles based on the model of Yamamoto and Tanaka
(SMIC, 1971). According to these data M appears to be 1.3 X
1078 g cm™2,

The effect of the aerosol mass on the reduction of shortwave radiation
can be estimated on the basis of the Angstrom (1962) formula, which re-
lates the albedo of the earth—atmosphere system to the index of optical
opacity, taking into account an average aerosol mass. According to this
method M = 0.6 X 1076 g cm™2.

We shall not dwell on the results of similar calculations but mention
that the average value of M evidently lies in the range of 0.4 to 1.3 x
1078 g cm2. This conclusion coincides almost exactly with the results ob-
tained in the study by CIAP (Grobecker et al., 1974).

Considering that the average M is far less than the variability of the
aerosol mass, we can conclude that fluctuations in the atmospheric aero-
sol mass with time and space can noticeably change the flux of shortwave
radiation incident on the earth’s surface. These variations seem to exert a
significant influence on the thermal regime of the atmosphere.

The question of the relationship of atmospheric aerosol variations and
volcanic activity is worth noting. An indirect evidence of the presence of
such a relationship lies in the above data on sharp fluctuations in the di-
rect solar radiation after intensive volcanic eruptions. These data reveal
considerable changes in the aerosol concentration after the explosive vol-
canic eruptions.

There are also direct data on considerable growth of stratospheric aero-
sol mass after intensive eruptions. Measurements by high-altitude planes
have shown that the aerosol concentration in the stratosphere of the
Northern Hemisphere varied greatly during the 1960s. This change seems
to be explained by the effect of the Agung volcano eruption in 1963 and
several subsequent eruptions of other volcanos (SMIC, 1971).

The notion of the physical nature of contemporary climatic change pre-
sented here was set forth in the author’s works published in 1967-1974.

Many other investigations were published in subsequent years with
stmilar conclusions about the causes of modern climatic change. The
studies of Pivovarova (1977a,b) are among the works devoted to this
problem. They deal with secular variations in atmospheric transparency
and show a significant role for volcanic eruptions in this process. Re-
search carried out by Karol (1977) and Karol and Pivovarova (1978) is
concerned with fluctuations in the direct solar radiation and the air tem-
perature at the earth’s surface and with their dependence on the strato-
spheric aerosol.
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In the first of these studies aircraft data on stratospheric aerosol at a
height of 14-20 km in the Northern and Southern Hemispheres over the
19601973 period was compared with the anomalies of direct solar radia-
tion obtained from a number of actinometric stations covering the middle
latitudes of the Northern Hemisphere.

A close relationship was revealed between the two parameters, corrob-
orating the conception that fluctuations in stratospheric aerosol are ex-
tremely important in terms of climate and its change. This relationship
was used to evaluate the effect of stratospheric aerosol fluctuations due to
volcanicity on the thermal regime of the lower atmosphere. The results
appear to be similar to the temperature change observed after volcanic

eruptions.
The second study is concerned with a comparison of US balloon re-

ports on the atmospheric aerosol with fluctuations in the transparency
coefficient based on the direct solar radiation measured at a number of So-
viet actinometric stations.

As a result of this investigation it was found that the actinometric obser-
vations of the direct solar radiation, especially on mountains and at far-off
stations, reveal the influence of major volcanic eruptions on the atmo-
spheric transparency.

American scientists have also contributed to the study of the depen-
dence of climate on volcanic eruptions.

Oliver (1976) has calculated air temperature variations in the Northern
Hemisphere up to 1968 using a model that allowed him to determine the
temperature variations caused by a change in atmospheric transparency
after volcanic eruptions. His calculations show that such an approach can
be used to describe about 70% of the variance of temperature series. The
remainder can be considered as a characteristic of meteorological noise.
We believe that if, in addition, anthropogenic factors of climatic change
are taken into account (see Chapter 5), the noise will be less pronounced.

The same problem has been treated by Sagan and co-workers (Pollack
et al., 1975, 1976; Baldwin et al., 1976), who consider in detail the effect
of the debris of volcanic eruptions on the radiation regime of the atmo-
sphere.

According to observational data, the ejected material seems to com-
prise solid particles which fall out fairly quickly (the residence time of
finer fragments extends to several months), and droplets of sulfuric acid
produced from sulfur oxides (with a longer residence time).

In studies of the effects of the Agung eruption on the climate, observa-
tional data were noted that showed that the lower stratospheric layers were
appreciably heated in the first months after the eruption. According to cal-
culations, this could have been a result of the absorption of longwave ra-
diation by igneous particles. A certain temperature rise may also affect
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the troposphere immediately after the eruption when the largest particles
of igneous aerosol remain in the air.

Later on this effect disappears and the troposphere and stratosphere
become cooler. Taking into account the effect of the inertia of the earth-
atmosphere system, it appears that the mean temperature in the lower air
layer drops by several tenths of a degree after a major volcanic eruption.
This conclusion agrees reasonably well with the observational records.

Considering the effect of volcanic eruptions and CQO, growth on the
thermal regime of the atmosphere, variations in the mean temperature of
the Northern Hemisphere throughout the last century have been calcu-
lated. The results proved to be close to these based on observational data.

The studies in question also treat the problem of how much rising vol-
canicity contributed to the progression of cooling a few centuries ago,
during the period often referred to as the Little Ice Age. The calculations
show that the contribution might be very significant.

Hansen et al. (1978) have analyzed similarly the effects of the Agung
eruption that occurred in 1963. They concluded that all the quantitative
estimates obtained of the thermal regime change after the eruption agree
perfectly with the observational data.

Worth noting is a study by Miles and Gildersleeves (1977) containing an
empirical analysis of the relationships between the mean air temperature
variations in the Northern Hemisphere and climate-forming factors. The
authors concluded that the mean hemispheric temperature variability
over the last hundred years is mainly related to fluctuations in the atmo-
spheric opacity due to volcanic activity and to a rise in the CO, concentra-
tion in the atmosphere. With these two factors in mind, it is possible to
describe 65% of the temperature variability. The amount will increase to
over 80% if a third factor, i.e., the variation in polar ice area, is taken into
consideration.

It has been established by Robock (1978) on the basis of a similar anal-
ysis that volcanic activity essentially affects the mean air temperature in
the Northern Hemisphere whereas solar activity, which is characterized by
the number of solar spots, does not exert such an influence.

Summarizing these ideas, we can set forth a conclusion concerning the
reason for the present climatic changes.

The warming that peaked in the 1930s evidently resulted from a strato-
spheric transparency increase that enhanced the solar radiation flux com-
ing into the troposphere (the meteorological solar constant). Conse-
quently, the global mean air temperature near the earth’s surface began to
rise.

Modifications in the air temperature in different seasons and latitudes
were dependent on the optical depth of the stratospheric aerosols and
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on the shift of the polar sea ice boundary. A retreat of Arctic sea ice due
to the warming gave rise in addition to an appreciable increase in the air
temperature in the cold seasons at high latitudes of the Northern Hemi-
sphere.

These conclusions are corroborated by calculations based on the model
of the thermal regime of the atmosphere, the results being in good agree-
ment with the observational data.

Fluctuations in the stratospheric transparency during the first half of
the twentieth century have probably been due to variations in volcanic
activity and, in particular, to variations in the release of ejected materials
in volcanic eruptions, especially of sulfur dioxide into the stratosphere.

A similar physical mechanism was at work in the second half of the
twentieth century, when the climate was particularly affected by the
Agung eruption in the mid-1960s.

In addition to the effects of volcanicity, climatic conditions of the twen-
tieth century were under the influence of man’s economic activity, which,
in particular, brought about a rise in the CO, concentration in the atmo-
sphere. The latter will be considered thoroughly in Chapter 5.

Undoubtedly these reasons for contemporary climatic changes cover
only their major features.

In line with the above general regularities of climatic change there are
also many peculiarities in short-term climatic variations and in variations
in separate geographical regions.

We consider such variations of climate to be mainly determined by fluc-
tuations in the atmospheric and hydrospheric circulation, which to a great
extent are of a random nature.



Chapter

Man’s Impact on Climate

5.1 CHANGES IN LOCAL CLIMATE
The heat balance of the earth’s surface

Man’s economic activity affecting climatic conditions over limited re-
gions is usually associated with changes in the heat (energy) balance of
the earth’s surface. It is necessary to study these changes to understand
the physical mechanism of man’s impact on local climate.

The equation for the heat balance of the earth’s surface used in Chapter
3 has the form

R=LE+ P+ B, 5.1

where R is the radiation balance of the earth’s surface, LE the heat expen-
diture for evaporation (L is the latent heat of vaporization and E the rate
of evaporation or condensation), P the turbulent flux of heat between the
earth’s surface and the atmosphere, and B the heat flux between the
earth’s surface and lower layers of water or soil.

184
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This equation can be rewritten as
Ry, — 460T¥(T,, — T) = pC,D(T, — T) + LE + B. (5.2)

Ry = Q(1 — a) — I, where Q is the total shortwave radiation incoming to
the earth’s surface, « the albedo of the earth’s surface, and I, the net long-
wave radiation determined taking into account the air temperature;
480 T¥(T,, — T) is the difference in net longwave radiation fluxes deter-
mined from the earth’s surface temperature T, and the air temperature T
{where § is a factor indicating the difference in properties of the emitting
surface and of blackbody and o is the Stefan constant); and
pC,D(T,, — T) is the sensible-heat flux from the earth’s surface to the at-
mosphere (where p is the air density, C, the heat capacity of the air at
constant pressure, and D the integral coefficient of turbulent diffusion).
All the components of this equation depend strongly on the state of the
earth’s surface, in particular, on its reflectivity (albedo), the degree of
moistening, the presence and properties of vegetation, roughness, heat
conductivity, and heat capacity of the upper soil layers. Typical albedo
for various kinds of land surface are given in Table 5.1 (Budyko, 1971).
Calculations and observations show that, other things being equal,
variations in the earth’s surface albedo within the limits shown in Table

Table 5.1
Albedo of Natural Surfaces

Type of surface Albedo

Snow and ice

Fresh, dry snow 0.80-0.95

Clean, moist snow 0.60-0.70

Dirty snow 0.40-0.50

Sea ice 0.30-0.40
Bare soil

Dark soil 0.05-0.15

Moist, grey soils 0.10-0.20

Dry loam or grey soils 0.20-0.35

Dry, light, sandy soils 0.35-0.45
Fields, meadows, tundra

Rye and wheat fieids 0.10-0.25

Potato fields 0.15-0.25

Cotton fields 0.20-0.25

Meadows 0.15-0.25

Dry steppe 0.20-0.30

Tundra 0.15-0.20
Arboreal vegetation

Coniferous forest 0.10-0.15

Deciduous forest 0.15-0.20
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5.1 may have a considerable effect on the value of the radiation balance of
the earth’s surface and, therefore, on climatic conditions in a given re-
gion. Comparatively small changes in the albedo (of several percent) often
lead to an increase or decrease in the temperature of the lower air layer
that can be detected from meteorological observations.

The climate of the lower air layers is similarly affected by variations in
the heat expenditure for evaporation, which is dependent on the amount
of soil moisture.

In studying this relationship, we can use the following approximations
(Budyko, 1971):

E = EO at w = Wy
and
E=E,w/w, at w < wy, (5.3)

where E, is the potential evaporation from soil that is sufficiently moist
(potential evapotranspiration), w the moisture of the upper soil layer, and
w, the critical value of the soil moisture.

The w, value is usually equal, for the upper soil layer of 1 m depth, to
the amount of available moisture corresponding to a 10-20 cm layer, de-
pending on vegetation cover and its properties. Since the moisture of the
upper soil layer varies over a wide range, it greatly affects the LE compo-
nent and, therefore, the climate of the lower air layer.

The local climatic conditions also depend on the aerodynamic rough-
ness of the earth’s surface. For an even snow or ice surface the roughness
is usually of the order of 107°-10~2 cm. For an even meadow covered by
low grass itis 0.1—1 cm. For high grass or agricultural plants like potatoes
the roughness increases up to 1-10 cm. For bushes and forest it may be
10-100 cm. The roughness influences wind speed in the lower air layer
and also the coefficient of turbulent diffusion, which increases with in-
creased roughness. Variations in the turbulent exchange intensity lead to
variations in the turbulent heat flux between the earth’s surface and the
atmosphere and they affect the heat expenditure for evaporation. This in-
fluences the temperature of the earth’s surface and the lower air layers.

Although the thermal properties of soil can vary within wide limits, re-
lated variations in the B values usually do not affect local climate since in
most cases the heat flux directed into the soil is less in absolute value than
other heat balance components. Nevertheless, this heat flux may be of
great importance when comparing the climatic conditions of an island and
a reservoir surrounding it or of a lake and shore regions, because under
these conditions the differences among the B values can be significant.
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It should be emphasized that the effects of variations in heat balance
components on the climate of the lower air layers depend strongly on the
area of the territory in which these variations are observed. For small ter-
ritories, on the scale of several square meters, climatic changes are insig-
nificant but they increase rapidly as the territory grows. For territories of
the order of several square kilometers and more, the dependence of cli-
matic variations on the scale is weaker. A similar regularity also exists
with respect to the thickness of the air layer in which meteorological ele-
ments vary due to changes in the state of the earth’s surface.

Of the various kinds of impact man makes on local climate, the effects
associated with changes in the state of vegetation and water balance are
the most widespread. Specific climatic conditions are also observed in ter-
ritories occupied by more or less large cities and towns.

Effects on vegetation cover

Man’s impact on climate became apparent hundreds of thousands of
years ago through deforestation.

Since antiquity, fire has been an important factor in human influence on
the environment, causing deforestation over large territories. Forest and
steppe fires have long been widely used as a means of hunting large ani-
mals. Until recently this method was used by Australian aborigines who
destroyed vegetation in the areas of tens of square kilometers when hunt-
ing (Dorst, 1965). Similar methods of hunting were used by people in the
Upper Paleolithic and even earlier. This may explain the rapid deforesta-
tion in many regions after the appearance of modern man.

In the Neolithic epoch, when cattle breeding and agriculture became
the major areas of man’s economic activity, the burning out of vegetation
took place on a larger scale. Thus the area of pasture and arable land was
expanded at the expense of forests. Also, the use of slash—burn agricul-
ture, based on the felling of trees and their burning, gave rich harvests
even with superficial cultivation of the soil, because of its ash fertilization.

With the use of this method of agriculture the fertility of soil decreases
rapidly. Therefore, after several years (sometimes in one or two years),
new forest areas must be felled. This method can be used if there are vast
thinly populated forest areas. In the past it was used in many countries at
middle latitudes and it is now used in some developing countries at tropi-
cal latitudes.

The wide use of burning out of vegetation over a large area of land re-
sulted in drastic changes in natural conditions, including flora, fauna, soil,
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climate, and the hydrological regime. The total effects of the destruction
of forests are difficult to estimate because deforestation began very long
ago. In many cases vegetation destroyed by man is never renewed, even if
systematic burning out is stopped.

In some regions forests were destroyed for their wood. In many terri-
tories natural vegetation cover was greatly affected by cattle pasturing,
frequently carried out without consideration of the renewal of the vegeta-
tion. In forest regions with arid climates goats and other domestic animals
ate the foliage of young trees; this led ultimately to deforestation. Ex-
cessive pasturing of cattle destroyed vegetation in dry steppes and sa-
vannas, which then frequently turned into semideserts or deserts.

Deforestation resulted in increased wind speed at the earth’s surface, in
changes of temperature and moisture diurnal variations in the lower air
layer, and in changes in soil water content, evaporation, and river runoff.
In comparatively arid zones, deforestation is frequently accompanied by
intensified dust storms and soil erosion. These considerably affect natural
conditions in these territories.

In addition, deforestation over vast areas exerts some influence on
large-scale meteorological processes.

Decreased roughness of the earth’s surface and changed evaporation in
deforested territories can affect precipitation patterns. This effect is insig-
nificant if forests are replaced by other types of plant cover (Drozdov and
Grigor’eva, 1963). Precipitation may be affected more appreciably by the
complete destruction of vegetation in some territory, as has repeatedly
occurred in the past due to man’s economic activity. For example, this
took place in some mountain regions with weakly developed soil layers.
Under these conditions, the soil layer is rapidly eroded if forest does not
protect it. As a result, the further existence of mature plant cover be-
comes impossible. A similar situation arises in some regions of dry
steppes, where natural vegetation cover destroyed by excessive grazing
of cattle is not renewed and these regions turn into deserts.

The earth’s surface, without vegetation, is intensely heated by solar ra-
diation. This leads to a decrease in relative air humidity and to a rise in the
level of condensation that may decrease precipitation. This mechanism
seems to explain some cases where natural vegetation in dry regions is
unrenewed after being destroyed by man.

The climate can be somewhat affected by variations in the earth’s sur-
face albedo as conditioned by deforestation. Table 5.1 shows that dry
steppe replacing forest increases the albedo by about 0.1. If the steppe, in
its turn, becomes a desert, the albedo may increase again by approxi-
mately the same amount. This may result in an air temperature drop at the
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earth’s surface due to decreased radiation balance if other heat balance
components do not change. The latter condition, however, is usually not
fulfilled. When vegetation is destroyed the heat expenditure for evapora-
tion decreases, resulting, as noted above, in elevation of the earth’s sur-
face temperature and consequently of the air temperature.

The destruction of vegetation over vast territories may decrease
the global radiation balance of the earth—atmosphere system and, at
least, change the global climate toward cooling. This will be discussed
below.

The planting of forests is also accompanied by changes in meteorologi-
cal conditions. Of the various kinds of forest plantings, field-protecting
forest belts exert the greatest influence on the climate of the air layer near
the earth’s surface. These plantings are widely used as means of land im-
provement. Forest belts are usually from several meters to 50 meters
wide. They border square or rectangular fields with sides several hundred
meters to 1 to 2 kilometers long. Forest belts are often grown in arid re-
gions where they help to maintain more favorable moisture conditions in
farm lands.

The wind-breaking effect of forest belts, which decreases the mean
wind speed over the fields between the belts and the rate of turbulent ex-
change near the earth’s surface, is the principal way that they influence
the meteorological regime of the lowest air layer. The attenuation of tur-
bulent exchange in the fields between the belts can be attributed to the
breaking up of vortices moving near the earth’s surface as they pass
through a forest belt. This substantially decreases the intensity of eddy
motions in the flow (Yudin, 1950).

The turbulence directly affects the development of two meteorological
phenomena, the blowing of snow from fields and the formation of dust
storms. A decrease in turbulent exchange near the earth’s surface pre-
vents or weakens dust storms and aids in maintaining snow on the fields
between the belts. It is also important for preserving moisture reserves in
soil during the warm half-year.

The potential evaporation, among other meteorological factors, de-
pends on the intensity of turbulent exchange in the lowest air layer. Cal-
culated results (Budyko, 1971) have shown that the potential evaporation
decreases by approximately 10% with a 20% decrease in the mean value
of the turbulent exchange coefficient for the lowest air layer.

Besides decreasing potential evaporation, protective forest belts aid in
increasing snow reserves on fields and the amount of precipitation. The
influence of all these factors leads to a significant increase in soil moisture
in fields protected by forest belts.
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As noted above, numerous observations have shown that the runoff of
snow water decreases considerably in fields with protective forest belts.
This can be attributed to a change in the distribution of snow cover on
protected fields as compared with unprotected fields. In protected fields, a
decrease in wind speed and turbulent exchange in the lower air layers cre-
ate conditions for a comparatively uniform distribution of snow cover,
whereas in open fields, a significant portion of snow is blown away into
ravines and other topographic depressions, and drains away after melting.
Moreover, under forest beits the soil permeability increases, providing
somewhat greater retention of snow water in protected fields as compared
with open ones; this also decreases the spring runoff of snow water.

The water balance of soil protected by forest belts can be somewhat
affected by a change in evaporation and in the amount of precipitation due
to variable vertical velocities in the atmosphere over the forest belts.

In order to estimate the total effect on soil water balance of variations in
the above-mentioned meteorological conditions, we may use heat- and
water-balance equations, taking into account the values of the integral dif-
fusion coefficient, runoff, and precipitation under the conditions of
planted protective forest belts (Budyko, 1956). The results obtained show
that in the fields protected by forest belts, soil moisture increases consid-
erably and evaporation grows somewhat. This increase in soil moisture
differs during various seasons, depending on changing turbulent ex-
change, runoff, and precipitation.

An appreciable increase in available soil moisture and some increase in
total evaporation can substantially improve the crop yield in temperate
climatic conditions.

Protective forest belts, in addition to influencing soil-water balance,
also play an important role in abating dust storms, which drastically dam-
age the soil cover in arid regions. This was clearly manifested in the win-
ter of 1968—1969 when powerful dust storms occurred in the southern part
of the USSR European territory. Inspection showed that winter crops on
protected fields suffered significantly less damage than those on unpro-
tected fields.

Protective forest belts are also used in regions of sufficient moisture,
where they increase the mean surface temperature during the warm sea-
son by attenuating turbulent mixing. Under such conditions they exert a
favorable influence on the development of thermophilic crops and accel-
erate the maturation of many agricultural plants (Gol'tsberg, 1952).

Without dwelling on other methods of changing the meteorological re-
gime, we should note that man’s impact on vegetation cover changes local
climatic conditions in the lower air layer within certain limits.
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Impact on the water regime

The use of artificial irrigation is one of the ways man affects climate. In
arid regions irrigation has been utilized for thousands of years, beginning
with the most ancient civilizations in the Nile valley and the Tigris—
Euphrates area.

Irrigation drastically changes the microclimate over the irrigated fields.
A significant increase in heat expenditure for evaporation leads to a de-
creased surface temperature that causes a reduction in temperature and a
rise in the relative humidity of the lower air layer. This variation in the
meteorological regime, however, disappears quickly beyond the irrigated
fields. Therefore, irrigation results only in variations of the local climate
and affects large-scale meteorological processes but slightly.

Let us consider in detail the physical mechanism of variations in the
meteorological regime due to irrigation (Budyko, 1956).

As a result of irrigation of arid steppes, semideserts, and deserts, the
radiation balance increases significantly. This increase may be compara-
ble with the value of the initial balance. On one hand, an increased radia-
tion balance can be attributed to increased absorption of shortwave radia-
tion due to reduction in the albedo, which is much less for moist soil
covered by more or less abundant vegetation than for deserts or semi-
deserts. On the other hand, lowering the temperature of the underlying
surface and raising the humidity of the lower air layer by irrigation de-
crease the effective longwave radiation. This also raises the radiation bal-
ance.

Irrigation under arid climatic conditions causes a sharply increased heat
expenditure for evaporation, the magnitude of which depends mainly on
irrigation rates.

As a rule, the increase in heat expenditure for evaporation under ordi-
nary irrigation rates exceeds the increase in the radiation balance. There-
fore, if irrigation rates are sufficiently large, the turbulent heat transfer is
noticeably decreased and reaches negative values that correspond to the
direction of mean turbulent heat flux from the atmosphere to the underly-
ing surface. This causes the appearance of daily temperature inversions.

Thus, irrigation under arid climatic conditions significantly decreases
both the turbulent heat flux (which can even change its direction) and the
heat flux transmitted by longwave radiation. For irrigation of sufficiently
large areas this may lead to appreciable variations in air-mass transforma-
tion over a given territory.

Variations in the heat balance components due to irrigation can be esti-
mated from the data of observations at Pakhta-Aral (Central Asia). The
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results of these observations as depicted in Fig. 5.1 allow us to compare
the heat balance components of an irrigated oasis and the semidesert sur-
rounding it for summer conditions.

As seen in Fig. 5.1, the radiation balance R increases noticeably in the
oasis as compared with the semidesert, and the heat expenditure for evap-
oration from the irrigated fields is great (in the semidesert, evaporation
over the period in question equaled zero). Therefore, the turbulent heat
flux P in the semidesert is much greater during the daytime than in the
oasis and is opposite in sign. The heat flux B in the soil under the given
conditions changes comparatively little as a result of irrigation.

As noted above, the thermal regime is considerably affected by irriga-
tion. In deserts and arid steppes, because of low heat expenditure for
evaporation, solar radiation absorbed by the earth’s surface is basically
consumed in heating the atmosphere through turbulent heat transfer and
longwave radiation. Under these conditions, very high surface tempera-
tures are observed. To assess these temperatures, we may use the heat
balance equation (5.2), from which it follows that

.. _ R~ LE~-B
Lo =T =05+ 50T

Since LE and B are much less than R, under these conditions, T, — T
can reach high values in daytime. From (5.4) it follows that T, — T may
be as high as 10-20°.

Large values of T, — T correspond to intensive heat flux from the
earth’s surface to the atmosphere. As a result of heating of the lower air

(5.4)
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Fig. 5.1 Daily course of heat balance components (1) in an irrigated oasis and (2) in a semi-
desert. (a) Daily course of radiation balance; (b) daily course of heat expenditure by evapo-
ration (LE) turbulent heat flow (P), and heat exchange in soil (B).
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layer, its temperature rises and the relative humidity drops. Reduced rela-
tive humidity, in its turn, aids in decreasing precipitation.

The soil-water balance essentially changes as a result of irrigation of
arid zones. Irrigation causes a sharp increase in evaporation, which is
equal to the irrigation rate minus the loss of irrigation water by infiltra-
tion. Consequently, the heat loss for evaporation also increases, leading
to a considerable lowering of the earth’s surface temperature. Taking into
account that the air temperature in irrigated zones varies considerably
less than the surface temperature, one may derive a formula for determin-
ing variations in surface temperature for irrigated areas:

(R, — R) — (LE — LE")
pC,D + 460T>  °

T, — T}, = (5.5
where the values referring to irrigation are indicated by a prime. In deriv-
ing Eq. (5.5) it was assumed that |[B — B'| << |LE' — LE|.

As indicated above, although the radiation balance of the earth’s sur-
face increases strongly in the course of irrigation due to a decrease in the
albedo, the rise in heat expenditure for evaporation significantly exceeds
the increase in the radiation balance.

As a consequence, the difference T,, — T}, is quite large for sufficiently
high irrigation rates. The temperature of the earth’s surface over an irri-
gated area under daytime conditions approaches the air temperature and
in the case of abundant irrigation it is less than the air temperature.

We noted above that for irrigation of vast areas this leads to consider-
able changes in air-mass transformation. As a result, the temperature and
humidity of the lower air layer changes over irrigated territories. Dry
warm air entering from outside is humidified and cooled as it moves over
an irrigated area.

Temperature and humidity variations of the air over irrigated areas can
be attributed to the transformation of air masses arriving from outside at
certain wind directions. The magnitude of these variations depends on the
distance from the border of the irrigated oasis. The longer the distance,
the greater the variations. In addition, temperature and humidity varia-
tions of the air due to irrigation depend on the following factors:

(1) TIrrigation rates and time intervals between irrigations. The greater
the amount of water an irrigated field receives and evaporates over a
given time interval, the greater the temperature and humidity differences
between irrigated and nonirrigated fields.

(2) Wind speeds and coefficients of turbulent exchange. These two
closely related factors govern the thickness of the air layer in which tem-
perature and humidity fluctuations occur. The temperature and humidity
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distributions with altitude within the lower air layer chiefly depend on the
same factors.

(3) Radiation properties of the underlying surface, mainly its reflec-
tivity (albedo): This factor is discussed above.

To study empirically the effect of each factor separately is rather diffi-
cult. Therefore, it is more advisable to evaluate the temperature and hu-
midity variations theoretically and to verify the results by data from sta-
tionary and field experimental studies (Budyko er al., 1952).

On the basis of developed theory we can calculate the temperature and
humidity fluctuations at different altitudes depending on water losses for
evaporation, variations in albedo, rate of turbulent exchange, and dis-
tance from the oasis border. These calculations can be used for planning
irrigation systems over previously nonirrigated areas.

Let us move on to the consideration of some empirical data.

Table 5.2 presents data of observations at meteorological stations lo-
cated in a desert and in irrigated oases. The data correspond to a latitude
of 42° and altitude of 100 m above sea level. Qases with a width not ex-
ceeding 3 km were considered small, the others large. As seen in Table
5.2, variations in temperature and humidity are the greatest in absolute
value during the summer months when irrigation water discharge is the
greatest. At this very time, the temperature drop at the standard level for
ground meteorological observations (i.e., at 2 m above the earth’s sur-
face) caused by an increase in evaporation and transpiration amounts to
2.5-3°, while the absolute humidity at the center of a large oasis is
roughly 5 mbar greater than in the desert. At lower altitudes, the absolute
values of the differences increase.

In steppe zones, irrigation effects on air temperature and humidity are
somewhat lesser. This is mainly due to lower additional water discharge
for evaporation.

Table 5.2
Effects of Irrigation on Meteorological Regime

v v VI VII VIl IX X X1

Temperature difference (°C):

Small oasis—desert 066 -05 —-16 -24 25 —-17 —-14 -04
Large oasis—desert -06 -1.1 -22 -~-31 -28 -23 -17 -08
Absolute humidity difference
(mbar):
Small oasis—desert 1.1 1.8 3.4 3.6 3.7 2.5 1.2 0.4

Large oasis—-desert 0.4 1.8 4.2 5.4 5.4 3.6 1.6 0.8
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It should be mentioned that irrigation of arid zones that reduces the
temperature over irrigated fields increases the mean atmospheric tem-
perature.

The temperature decreases in irrigated regions because of the growth of
heat expenditure for evaporation but this growth for the entire earth is
compensated for by an equal increase in heat income due to condensa-
tion. This heat is released in the atmosphere of other regions where the
water vapor formed in the course of irrigation is condensed. In addition,
the albedo of the earth’s surface decreases significantly when arid steppes
and deserts are irrigated. This increases the amount of radiation the
earth—atmosphere system absorbs.

The large water reservoirs created during the construction of hydro-
electric power stations are comparatively shallow. Therefore, their effect
on climate is rather limited. This effect first decreases surface roughness,
thus strengthening the wind speed, which is usually greater over water
surface than over open flat territories. The wind speed increases mostly in
autumn, when the water is warmer than the air and an intensive turbulent
exchange develops over reservoirs. In spring, this effect is comparatively
weak, both when reservoirs are covered with ice and immediately after it
has melted, when the water is still cold. At this time, the wind speed over
water basins is about the same as that over open flat territories. After the
construction of a water basin, daily air temperature variations decrease,
the radiation balance increases (as a result of decreasing albedo over a
given area), and the mean annual evaporation, which during the year has a
different distribution compared with land, grows.

Under conditions of excessive and sufficient moistening, there is not a
great change in local climate following construction of water reservoirs.
For example, any systematic temperature fluctuations are difficult to ob-
serve in the vicinity of the Rybinsk water storage basin at the stations lo-
cated along its present shores.

Significantly larger climatic changes occur on the shores due to con-
struction of reservoirs in regions with insufficient moistening (e.g., Tsim-
lyansk, Volgograd, and Bukhtarminsk reserviors). The temperature along
the shorelines of these basins is noticeably lower (by 2-3°) in the warm
season than that in regions far from water reservoirs because of greater
evaporation from the surface of the reservoir than from the surrounding
land, where the evaporation rate is limited by low soil moisture and from
which dry air comes to the shore of the basin. A daytime air temperature
drop promotes the development of rather strong (up to 3-4m
sec™ 1) breezes, extending vertically to several hundred meters.

Artificial reservoirs, like irrigation, cause a decrease in the earth—atmo-
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sphere system albedo and consequently an increase in the amount of ab-
sorbed radiation. Water basins thereby increase the mean temperature of
the atmosphere.

Urban climate

Climatic conditions in cities differ somewhat from those in the sur-
rounding regions and, the larger the area of the city, other conditions
being equal, the greater the difference.

Probably climatic changes in large cities appeared hundreds of years
ago. Thus Landsberg (1956) presented eyewitness evidence concerning
severe air pollution in London in the seventeenth century that signifi-
cantly attenuated solar radiation in the city as compared with rural areas.

The chief factors affecting the meteorological regime of a city are

(1) wvariations in the albedo of the earth’s surface, which are usually
less in built-up areas than in rural areas;

(2) a change in mean evaporation from the earth’s surface, which is
noticeably lowered within the boundaries of a city (although evaporation
from roofs and pavements immediately after rainfall may exceed evapora-
tion in a rural area);

(3) heat released due to various kinds of economic activity, the
amount of which may be comparable to that of the solar radiation incident
on the area of a city;

(4) increased roughness of the earth’s surface within the boundaries of
a city as compared with a rural area;

(5) atmospheric pollution by different solid, liquid, and gaseous con-
taminants produced by man.

The ‘‘heat island’’ is one of the chief features of the urban climate. It is
characterized by higher air temperatures than rural areas. This effect has
been investigated in many experimental works, and several numerical
models have been proposed for its study.

Results of previous investigations (SMIC, 1971; Landsberg, 1970; Ber-
lyand and Kondrat’ev, 1972) have demonstrated that a heat island is
usually of complex structure, each city block of an urban development
being a source of heat for surrounding undeveloped sections. The mean
air temperature in a large city is often 1-2° greater than the temperature of
surrounding regions, although the temperature difference may reach 6-8°
at night with a light wind. This difference usually decreases with strong
winds.

Landsberg and Maisel (1972) carried out interesting observations
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characterizing the growth of a heat island as a city develops. In 1967, in
the USA near Washington, D.C., the construction of the city of Columbia
was begun. In 1968, when only a small fraction of the city’s buildings had
been completed, the air temperature was 0.5° higher in its center at night
than it was in the suburbs. In 1970, when the city was significantly devel-
oped, the temperature difference reached 4.5° in its center, and 2° over a
larger part of its area. The temperature increased less in the daytime when
the intensity of air movement was greater. At the same time, as the tem-
perature increased over the area of Columbia, the relative humidity de-
creased by several percent, this decrease apparently being caused by both
the increased temperature and decreased evaporation throughout the city.

It is obvious that a heat island appears mainly as a result of the effect of
the first three factors enumerated above, which govern urban climatic
conditions. The relative role of each of these factors may vary strongly in
different cities and seasons.

This conclusion is confirmed by the results of theoretical studies of the
urban thermal regime. For example, Atwater (1977) has calculated tem-
perature variations in cities for the four climatic zones (tropics, desert,
middle latitudes, and tundra), taking into account the thermal regime ef-
fect of anthropogenic heat income, the state of the earth’s surface, and the
amount of aerosol in the atmosphere. Atwater in his calculation has used
the heat balance equation of the earth’s surface. He has established that
the greatest temperature increase is observed in a city situated in tundra,
whereas in the tropics and in deserts the temperature changes only
slightly. The heat island effect becomes most apparent during the night.
The calculations show that an increase in air temperature in the cities de-
pends essentially on anthropogenic heat income, whereas variations in
the atmospheric aerosol content affect the thermal regime slightly.

As observations show, in heat islands not only relative but also abso-
lute air humidity usually decreases due to reduced evaporation in built-up
regions.

Additional heating of the air over cities creates local circulation sys-
tems resembling sea breezes and also amplifies ascending convective mo-
tions over the cities. In addition, increased roughness of the surface
brings about a noticeable decrease in the wind speed in cities as compared
with the suburbs.

Among all climatic features, of most importance is air pollution by dif-
ferent contaminants, which reaches high levels in many cities. Industrial
enterprises, heating systems, and traffic pollute the atmosphere.

An increased aerosol concentration over cities decreases the solar ra-
diation incoming to the earth’s surface. According to Landsberg (1970),
direct solar radiation in large cities is frequently decreased by about 15%,
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ultraviolet radiation on the average by 30% (it may entirely vanish during
winter months), and the period of solar irradiation by 5—15%. The thin
atmospheric lower layer containing the greatest amount of aerosol parti-
cles is of major importance in attenuating solar radiation in cities. Hori-
zontal visibility is usually drastically reduced within this layer, sometimes
to 10-20% of its value in rural regions.

Due to high aerosol concentration in urban air, fog, particularly smog (a
type of stable fog whose droplets contain a significant amount of the con-
taminants that pollute the atmosphere) becomes more frequent. In some
cities (Los Angeles is a particularly well-known example), where local
conditions promote the attentuation of atmospheric circulation, smog
may remain for many days, greatly harming the health of the population.

Urban fog plays an important role in decreasing solar radiation and re-
ducing the range of visibility in cities.

An increased amount of condensation nuclei in the air over cities and
strengthening of the ascending air motions result in increased cloudiness
and precipitation. Available data indicate that a week-long cycle in pre-
cipitation amount exists in some industrial centers, i.e., precipitation de-
creases on weekends when industrial enterprises stop operating.

Due to some increase in precipitation and considerable decrease in
evaporation, runoff grows. In many cities increased runoff is facilitated
by surface water sewerage systems. Snow removal and its transportation
outside the city are often used in cities with great amounts of solid precipi-
tation; this accelerates temperature elevation in the city during spring in
comparison with the suburbs.

Urban climate may be significantly improved by rational siting of resi-
dences and plants, by expanding green areas, and by reducing air pollu-
tion.

There are many examples illustrating how a change in heating system
(conversion from solid fuel to gas or electric energy) drastically reduces
urban air pollution and fluctuations of related climatic parameters. Of no
less importance is the removal of industrial enterprises from the city, the
use of an effective method for purification of air entering the atmosphere
from chimney stacks and other sources of pollution, the laying out of
parks within a city, and the planting of trees and shrubs along the streets
and on vacant land.

At the contemporary level of progress in industry, energetics, and
transport, urban construction cannot be carried out without a detailed
study of man’s impact on the meteorological regime. The calculation of
expected changes in local climate is necessary for proper city planning to
avoid the development of unfavorable climatic conditions.

It is worth mentioning that, as urbanization progresses in regions with
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high population density, some features of urban climate spread over vast
areas reaching hundreds of square kilometers. Under these conditions,
there is a cumulative climatic effect of numerous closely situated popu-
lated areas acting as sources of air heating and pollution. This situation
occurs in a number of regions in the USA, Japan, and western Europe,
where local climatic changes cover evergrowing areas.

5.2 CHANGES IN ATMOSPHERIC COMPOSITION
Carbon dioxide concentration growth

As indicated in Chapter 1, many years ago Callendar (1938) assumed
that the burning of coal, oil, and other kinds of fossil fuel resulted in in-
creased CO, mass in the atmosphere.

Although measurements of atmospheric CO, concentration have been
carried out since the 1850s, it was difficult to verify this assumption be-
cause of the inadequate precision of the instruments used in the detection
of comparatively small variations in CO, concentration.

Since the late 1950s the CO, concentration has been systematically ob-
served with the help of precise instruments at two stations—Mauna Loa
(Hawaii) and the South Pole. Observation results obtained at Mauna Loa
are presented in Fig. 5.2 (Keeling and Bacastow, 1977). Curve 1 shows
variations in monthly means of CO, concentration in the period 1958-
1976. From this figure it is seen that photosynthesis exerts a noticeable
influence on the annual cycle of CO, concentration, decreasing its values
by 2% during the periods of increased productivity of autotrophic plants.
Curve 2 depicts the CO, concentration values obtained by excluding the
annual cycle effects by means of averaging.

Data in Fig. 5.2 show that CO, concentration grows from year to year.
A similar conclusion follows from the data of observations at the South
Pole station and several other stations that began operating later.
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Fig. 5.2 Changes in CO, concentration at the Mauna Loa station.
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At present there are about 12 stations at which observations of CO,
concentration are carried out. Most of them have begun operating only
recently. Longer series of observations are available for the Point Barrow
(Alaska) station and for Europe, where measurements were carried out by
Scandinavian aircraft. These observations give similar results, showing a
year-to-year increase in CO, concentration.

In the measurements of CO, concentration at Mauna Loa and the South
Pole it was established that during 1959-1968 the concentration of CO,
increased on the average of 0.74 ppm yr~!. This magnitude corresponds to
approximately 0.25% of the amount of CO, contained in the atmosphere.
By 1974 the increase in CO, reached 1 ppm (or 0.349%) per annum (Olson
et al., 1978).

Figure 5.2 shows an increase in the rate of accumulation of CO, in the
atmosphere. As seen, during the second part of the period in question, the
rate of CO, concentration growth was greater than in the first part.

Since these observations of CO, concentration were carried out at sta-
tions situated at great distances from each other, there is no doubt that
they correctly indicate a present-day global tendency in variations of at-
mospheric CO, concentration. Observation data show that over the pe-
riod 1958—-1978 the mass of atmospheric CO, has increased by approxi-
mately 5%.

The question of how the CQO, mass has increased over the last 100-
130 yr, i.e., for the period of intensive consumption of fossil fuel, is more
difficult to answer. Using observational data for the 19th century (whose
accuracy is limited), Machta (1978) concluded that between 1858 and 1958
the mass of CO, increased by 3 to 15%. Thus, up to now, the total CO,
concentration increase is 8—20%. To verify this estimate, we can use the
models of atmospheric CO, balance that are discussed more thoroughly in
the next chapter. In a number of studies it has been established that from
the middle of the past century to the late 1970s the CO, concentration has
grown from 0.029% to 0.033%, i.e., by approximately 14%, taking into ac-
count only one factor—the burning of fossil fuel. Recent studies of CO,
balance that consider the effect of varied vegetation mass lead to the con-
clusion that the increase in CO, concentration for the time period in ques-
tion might have been somewhat larger.

The balance of carbon dioxide
In the present epoch the balance of CO, has a much greater dependence

on anthropogenic factors than on natural conditions.
From data given in Chapter 2 it follows that among the components of
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the natural CO, cycle, the largest is the expenditure of CO, in photosyn-
thesis, amounting to 300 x 10 g yr~'. This value, however, is almost ex-
actly compensated for by the amount of CO, formed as organic matter ox-
idizes. The difference between the income and outgo of atmospheric CO,
in the biotic cycle, according to data on accumulating organic carbon dur-
ing the Pliocene, amounts to 0.05 X 10' g yr~!. The total outgo of CO, in
the formation of carbon-containing sedimentary rocks during this period
of time is 0.09 x 10 g yr~'. The total value, 0.14 x 10> g yr~!, should
correspond to the income of CO, into the atmosphere during volcanic erup-
tions, from hot springs, etc. It is very difficult to determine the value of
this income. Bowen (1966) believes that for the present epoch it corre-
sponds to an amount of carbon equal to 0.04 X 10 g yr7!, ie., 0.14 X
10> g yr! of CO,. The agreement between the above values of income
and outgo of atmospheric CO, with their limited accuracy should be con-
sidered to a large extent random. Since we are interested only in the order
of magnitude of the corresponding CO, balance component, one can con-
sider it to be about 0.1 X 10* g yr~'. This value should be compared with
the income of CO, to the atmosphere due to man’s economic activities.

The burning of coal, petroleum, and other kinds of fossil fuel, which
supplies at present more than 97% of the total energy consumed by man,
is the major form of man’s impact on the atmospheric CO, balance. The
expenditure of fossil fuel over the last 25 yr grew by 4% per annum. In the
late 1970s it reached a value corresponding to an income to the atmo-
sphere of about 5 x 10 g of carbon or 18 X 10** g of CO, yearly. Taking
account of the effect of other kinds of industry on the balance of CO,
changes this value slightly. For example, the manufacture of cement re-
leases a quantity of CO, that increases its amount by only 2% (Keeling
and Bacastow, 1977; Olson et al., 1978).

Less clear is the question of the amount of carbon entering the atmo-
sphere due to man'’s impact on vegetation cover. Until recently this com-
ponent of the CO, balance has not been taken into account, though Hut-
chinson in 1954 suggested that the income of carbon into the atmosphere
from biotic sources may be compared with that from fossil fuel (Wood-
well, 1978). Only in the last few years has this question attracted atten-
tion. Bolin (1977), using data on annual consumption of wood, came to the
conclusion that, because of the cutting of forests and destruction of soil
humus, about 1 X 10> g yr! of carbon enter the atmosphere at present.
Woodwell and Houghton have proposed a far greater estimate of this
value that, in accordance with a recent publication by Woodwell (1978),
amounts to 8 X 10" g yr~! of carbon.

In papers by several authors from Oak Ridge National Laboratory
(Baes et al., 1976; Olson et al., 1978), it is believed that as a result of the
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felling of tropical woods, about 1 X 10 g yr! of carbon are released and
about 2 x 10% g of carbon are produced in the course of the decomposi-
tion of previously created sources of organic matter. The authors of re-
views of atmospheric carbon balance compare a relatively high accuracy
in estimating the carbon income to the atmosphere resulting from indus-
trial activity (it is assumed that the error of this estimate does not exceed
5%) to a low reliability in calculating the carbon income due to the impact
on vegetation cover and soils. These calculations are based on a limited
number of data; the lack of data is made up for by more or less probable
hypotheses. Nevertheless, as seen from recent studies, this component of
the atmospheric carbon balance may be highly significant.

Comparing the estimates of the income of anthropogenic CO, to the at-
mosphere, which are of the order of n X 10'¢ g yr—!, with those of the in-
come from natural sources, which are 10 g yr™!, it is easy to see that
man’s economic activity is the controling factor in the contemporary bal-
ance of atmospheric CO,.

To study variations in the CO, balance over the last 100150 yr we
must have data on the amount of fossil fuel used and on the decrease in
the amount of carbon accumulated in living organisms and the products of
their vital activity referring to this time. It is assumed that from 1860 to
1973 128 X 10% g, and from 1860 to 1959 81 x 10'5 g, of carbon from fos-
sil fuels entered the atmosphere (Keeling and Bakastow, 1977).

Bolin (1977) believes that, due to a decrease in biomass from the early
19th century to our time, about 70 X 10! g of carbon have entered the
atmosphere. Revelle and Munk (1977) concluded that for 1860—1970 this
amount is 72 X 10 g. These two estimates are based on very incomplete
evidence.

To study the balance of atmospheric carbon, Stuiver (1978) and Wilson
(1978) have utilized the method of isotopic analysis. Stuiver estimated the
amount of isotope C in tree rings. The #C in the atmosphere is produced
by the action of cosmic rays and is comparatively unstable (it has a half-
life of 5,700 yr). Therefore, **C has long ago disappeared from fossil fuels,
which were formed millions of years ago. The combustion of fossil fuels
releases CO, to the atmosphere that lowers the atmospheric *C level (the
Suess effect).

In addition, fossil fuels as well as plants contain a smaller amount of the
stable C isotope than the atmosphere because, during photosynthesis,
plants discriminate against *C in favor of the lighter 2C.

Thus data on the *C and C isotope content of tree rings of different
ages allow us to estimate the contribution of fossil fuels to the total atmo-
spheric CO, mass (which reduces the atmospheric **C and *C levels) and
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of the oxidation of plant material (which reduces the atmospheric *C
level).

Using this method Stuiver has obtained a somewhat unexpected result:
between 1850 and 1950, about 120 X 10'* g of carbon were injected into
the atmosphere from the biota. This value is twice the release of carbon
from the burning of fossil fuels (60 X 10 g) over the same period. Stuiver
has established that the fraction of carbon from fossil fuels rapidly in-
creased and the fraction from the biota decreased. As a consequence, by
1970 the cumulative amount of carbon produced from each source ap-
peared to be approximately the same.

Applying the method of isotopic analysis, Stuiver has estimated the
amount of CQO, absorbed by the ocean during 1850-1950 to be approxi-
mately half of the income from the burning of fossil fuels and from biota.
This results in an atmospheric CO, content increase of about 90 x 10 g
of carbon.

Such a large injection of carbon into the atmosphere is possible with a
comparatively low atmospheric CO, concentration at the beginning of the
period in question. According to Stuiver this concentration was 0.0268%.
This means that the modern concentration exceeds the concentration at
the middle of the nineteenth century by somewhat more than 20%. This
value is close to the upper limit of possible concentration change men-
tioned by Machta. Wilson has obtained similar results. Using the same
approach, he found that the CO, concentration of the earth’s atmosphere
increased in the second half of the nineteenth century by about 10%. He
concluded that this was due to the expansion of agricultural lands and de-
forestation and that at the middle of the nineteenth century the concentra-
tion of CO, amounted to 0.027%. This value almost exactly equals that
obtained by Stuiver. Using data obtained by Stuiver and Wilson in study-
ing the CO, balance is rather difficult because the accuracy of the data is
not very high.

The question of the outgo of anthropogenic CO, appears to be compli-
cated enough. Undoubtedly the ocean plays an important role in absorb-
ing excess CO,.

The total amount of dissolved CO, greatly exceeds the atmospheric
CO, content. However, as the results of studying turbulent exchange in
the ocean showed, trace gases in the atmosphere easily penetrate by this
means only into the upper mixed layer of ocean water—about 100 m
deep. Below this layer the diffusion processes are significantly weakened,
preventing the excess CO, from being transferred into deeper layers of
ocean water. Since the upper well-mixed layer can absorb only a limited
amount of CQO,, the potential of the ocean to absorb a greater portion of
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anthropogenic CO, is questionable. Cold waters in high latitudes probably
play an important role in the absorption of CO, by the ocean, carrying
away the dissolved CQ, into deeper layers as they sink.

A certain amount of CO, can be assimilated by autotrophic plants
whose biomass, other things being equal, depends on CO, concentration,
increasing as it rises. The growth of the biomass of photosynthesizing
plants must be followed by an increase in the mass of related organisms
and the products of their vital activity.

Summarizing the results of studying the present CO, cycle, the authors
of the report “‘Energy and Climate’” (National Academy of Sciences,
1977) conclude that over the last 110 yr the amount of carbon in the atmo-
sphere has increased by 72 x 105 to 83 X 10** g. Over the same time, the
amount of CO, released by burning fossil fuels and manufacturing cement
contained 127 x 10* g of carbon and the amount resulting from cutting
forests and cultivating the soil was about 70 x 10% g. It is believed that
40% of anthropogenic CO, has remained in the air, 20% has gone into the
oceans, and 40% has gone to the biosphere (as an increase in the mass of
continental organisms and the products of their vital activity). The in-
crease in the atmospheric CO, concentration that occurred in the last cen-
tury must have changed the thermal regime. This is discussed below.

Other gases

The atmospheric thermal regime can be affected in certain ways by
other gases entering the atmosphere as a result of man’s economic activi-
ties. Fluorocarbons (Freons), widely used as refrigerants and as solvents
in the manufacture of various paints, can be important among these other
gases. When the paints dry, the Freons evaporate into the atmosphere
where they are able to survive for many years because their lifetime,
which depends on the rate of photodissociation in the upper atmospheric
layers, amounts to tens of years.

Freons are transparent to other wavelengths but absorb intensely infra-
red radiation with wavelengths of 8-12 um, i.e., in the ‘‘transparency
window’’ where almost no longwave emission is absorbed by water
vapor. Therefore, they can considerably affect the surface air tempera-
ture. Ramanathan (1976) has shown that a concentration of Freons
amounting to 2 X 107° of the atmospheric volume can increase the tem-
perature near the earth’s surface by almost 1°. Wang et al. (1976) have
obtained a somewhat lower value of the temperature increase, amounting
to 0.3-0.4°. Since at present the atmospheric concentration of Freons is
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0.1-0.2 x 107? of the volume of the atmosphere, their effect on the ther-
mal regime is not great.

Among other gases whose concentration variations may have exerted
effects on the thermal regime are nitrogen compounds, particularly N,O.
Unlike Freons, which appear in the atmosphere only as a result of eco-
nomic activities, N,O is always present, amounting to about 0.3 x 107 of
the atmospheric volume. Doubling this quantity results in a 0.5° tempera-
ture increase near the earth’s surface (Yung et al., 1976). Since N,O is
formed when fossil fuels are burned and nitrogen fertilizers are used, its
atmospheric amount may depend on man’s economic activities. There are
some other gases released from industrial chimney stacks that exert some
influence on the thermal regime of the atmosphere. Among them are CO
and CH, (methane). An increase in their mass due to growing consump-
tion of fossil fuels could lead to an elevation of the tropospheric ozone
concentration (Hameed et al., 1979) that would result in intensification of
the greenhouse effect.

It should be indicated that the probability of significant climatic modifi-
cation due to the action of growing concentrations of Freons and other
gases representing minor atmospheric contaminants is considerably less
than that for CO, . This is true because the mass of these gases is compar-
atively small and its changes may be controlled by means of rational plan-
ning without damaging major branches of the economy. In contrast, pre-
venting further growth of CO, concentration in the atmosphere is
extremely difficult. This will be discussed below in more detail.

It is doubtful whether it is possible to stop the increase in concentration
of minor contaminant gases in the atmosphere when their mass depends
on the amount of fuel burned. It is thought that this growth might cause
some temperature change at the earth’s surface in the direction of warm-
ing.

Keeping in mind the necessity of controling the concentration of minor
contaminant gases in the atmosphere that affect climate, it might be sup-
posed that their influence would be less than that of CO, concentration
growth.

Atmospheric aerosol

As mentioned above, due to man’s economic activities, a large number
of particles enter the atmosphere, increasing the concentration of atmo-
spheric aerosol.

Available estimates (SMIC, 1971) indicate that about 200-400 million
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tons of anthropogenic aerosol is now ejected yearly into the atmosphere,
comprising 10—20% of the total amount of aerosol particles that enter the
atmosphere. Only a small portion of this amount is ejected into the atmo-
sphere in the form of solid or liquid particles; the chief sources are the
gaseous compounds produced by man, such as sulfur dioxide and nitric
oxides, from which aerosol particles are formed as a result of various
chemical reactions.

Undoubtedly, man’s economic activities cause an increase in aerosol
concentration in many cities and industrial regions and in agricultural
areas where cultivation of the soil intensifies its erosion. The extent to
which anthropogenic aerosol spreads over vast areas and penetrates into
high atmospheric layers is a much more complex question.

The stratospheric aerosol that noticeably influences climatic conditions
is assumed to be natural. The anthropogenic sulfur dioxide produced in
particular by the burning of sulfur-containing coal and oil seems not to
enter the stratosphere, because current direct observations of strato-
spheric aerosol record very low concentrations of it for some years. Thus
the stratospheric aerosol is chiefly formed by natural processes, in partic-
ular those associated with volcanic activities.

Davitaya (1965) was the first to assume that the anthropogenic aerosol
spreads over vast areas. He used data on the vertical distribution of dust
concentration in the snow cover of Caucasian glaciers. These data indi-
cated that the amount of dust per unit volume in the upper snow layers
significantly exceeded that in the deeper layers. Davitaya believed that
this difference corresponded to an increase in dust concentration in the
atmosphere that occurred during the last decades.

MacCormic and Ludwig (1967) have presented data indicating a de-
crease in the transparency of cloudless atmosphere over the last several
decades, caused apparently by an increased concentration of atmospheric
aerosol.

In many studies (MacCormic and Ludwig, 1967; Bryson, 1968;
Budyko, 1969a; SCEP, 1970; SMIC, 1971; and elsewhere) it has been pro-
posed that a gradual decrease in direct radiation observed at a group of
actinometric stations beginning in the 1940s can be attributed to the in-
creasing mass of anthropogenic aerosol in the atmosphere.

Dyer (1974) and Elsasser (1975) have concluded that during the last dec-
ades the amount of aerosol over vast areas has not grown. There are some
data contradicting this opinion. For example, N.A. Efimova has pro-
cessed data from observations of direct radiation under a clear sky for a
number of actinometric stations situated at great distances from cities and
industrial regions and concluded that in the 1970s the atmospheric trans-
parency was less than that in the 1950s. Kellogg (1975) has constructed,
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using available data, a world map of anthropogenic aerosol distribution
showing that increased aerosol concentrations are observed over Europe,
most of Asia and North America, and the northern Atlantic Ocean.

Pivovarova (1977a) has studied the question of the varied mass of atmo-
spheric aerosol. She used radiation data of observations for periods of 40
to 70 yr obtained at 13 stations in the USSR and the USA. Pivovarova
established that, over the last decades at these stations, direct solar radija-
tion under a clear sky has decreased. This process is very well observed,
particularly over the USSR European Territory and Kazakhstan. Less ra-
diation variation takes place in Siberia, the Far East, and the south of
Central Asia. A decrease in radiation was fixed at both urban and rural
stations. Therefore, we may think that the aerosol mass has increased,
not only in cities but also over vast areas covering a considerable part of
the continents in the mid-latitudes in the Northern Hemisphere. This con-
clusion agrees well with that of Kellogg.

The data of Pivovarova possibly reflect variations both in manmade and
in natural aerosol. It is believed that the question of changing the amount
of anthropogenic aerosol over vast areas requires further investigation.

The particles of aerosol in the stratosphere act like a screen, changing
to a lesser or greater extent the meteorological solar constant. Absorption
of radiation by these particles can cause local heating of the stratosphere,
as occurred, in particular, after the eruption of the Mount Agung volcano
{Newéll, 1971), although this heating scarcely affected the thermal regime
at the earth’s surface because of insignificant air density in the strato-
sphere and weak heat exchange between the stratosphere and the tropo-
sphere. Thus, as has been demonstrated in a number of studies, an in-
crease in aerosol concentration in the stratosphere invariably leads to a
temperature drop at the earth’s surface.

The tropospheric aerosol particles exert a more complex effect on the
thermal regime. They attenuate the flux of shortwave radiation reaching
the earth’s surface as a result of backscattering and absorption of emis-
sion by the aerosol particles. While the first process increases the albedo
of the earth—atmosphere system, the second may decrease it.

Vertical redistribution of absorbed radiation within the troposphere,
where the vertical heat exchange is intensive, influences but slightly the
mean tropospheric temperature or the surface air temperature. Therefore,
the influence of tropospheric aerosol on the thermal regime is basically
determined by the dependence of the earth—atmosphere albedo on aero-
sol concentration. An increase in albedo leads to a temperature drop at
the earth’s surface, while its decrease leads to a temperature rise.

Obviously, a change in the albedo of the earth—atmosphere system due
to aerosol will depend on the albedo of the earth’s surface. The lower this
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albedo is, the more likely it is that atmospheric aerosol will increase the
system’s albedo. For a high albedo of the earth’s surface (snow or ice) the
probability of decreasing the earth—atmosphere system’s albedo due to
aerosol effect grows.

Numerical models have been constructed in several studies to describe
the influence of aerosol on radiation and the thermal regime of the atmo-
sphere (MacCormic and Ludwig, 1967; Charison and Pilat, 1969; Atwater,
1970; Barrett, 1971; Yamamoto and Tanaka, 1972; Rasool and Schneider,
1971; Mitchell, 1971; Ensor et al., 1972; Newman and Cohen, 1972; Kon-
drat’ev er al., 1973; Department of Transportation, 1975; Pollack et al.,
1975, 1976). Some of these studies took into account only the influence of
aerosol on the backscattering of shortwave radiation, which results in in-
creased albedo of the earth—atmosphere system and consequently in de-
creased air temperature near the earth’s surface.

Other studies have considered fluctuations in the atmospheric radiation
and thermal regime caused by both backscattering and absorption by
aerosol particles. The second of these mechanisms can decrease the al-
bedo of the earth—atmosphere system under certain conditions, contrib-
uting to a temperature increase near the earth’s surface.

Quantitative criteria that depend chiefly on the albedo of the earth’s
surface and determine the sign of the temperature variations due to the
action of aerosols have been proposed in a number of studies. The values
of these criteria found by different authors are noticeably different. This is
explained both by the particular features of the models used and by the
fact that the values of the empirical coefficients characterizing backscat-
tering and absorption of radiation by aerosol particles do not coincide.

In several studies it has been assumed that the anthropogenic aerosol
exerted an effect on climate that influenced the formation of clouds and
changed their top albedo (SMIC, 1971; National Academy of Sciences,
1977). This assumption is not satisfactorily proved and should be studied.

In summary, it should be noted that although the question of the global
climatic effect of anthropogenic aerosol remains in some apsects un-
solved, the probability exists that this effect is comparatively small. The
reason for this is, as shown below, that the secular trend of mean air tem-
perature could be satisfactorily described by considering the effect on the
temperature of CO, concentration and fluctuations in atmospheric trans-
parency due to the varied mass of stratospheric natural aerosol.

It is worthwhile to raise the question of what climatic effect the anthro-
pogenic aerosol could exert if it spread in the stratosphere, where the life-
time of particles far exceeds that in the troposphere.

As noted above, anthropogenic sulfurous gases produced by burning
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fuel at the earth’s surface seem not to enter the stratosphere. However,
these gases can be produced by aircraft operating in the stratosphere.

The question of the climatic effect of SST aircraft operations was stud-
ied in the CIAP project during the first half of the 1970s in the USA (De-
partment of Transportation, 1975).

To assess variations in the physical state of the atmosphere caused by
stratospheric flights, the content of nitrogen oxides and sulfur in the dis-
charge of turbojet engines was calculated in the above study, taking into
account the numbers of subsonic and supersonic airplanes.

Of the various ways in which SSTs can pollute the stratosphere, the dis-
charge of SO, can exert the greatest effect on climate. Gaseous SO, enter-
ing the stratosphere is oxidized and reacts with water vapor, producing
sulfuric acid droplets. These absorb some water vapor from the air and, as
a concentrated solution of sulfuric acid, remain in the stratosphere for a
long time—up to several years. Some of the droplets, after reacting with
ammonia, are converted into ammonium salts. However, a greater por-
tion do not change their chemical composition before they fall into the tro-
posphere because of increasing droplet sizes due to coagulation, gravity
sedimentation, and the action of air motions.

Usually the size of a sulfate particle is several tenths of a micron. As
noted above, particles of this size strongly affect shortwave radiation, at-
tenuating its flux by absorption and backscattering.

Therefore, variations in stratospheric aerosol mass can change the tem-
perature of the atmospheric lower layer and other climate elements.

For quantitative estimation of the effects of stratospheric aircraft on cli-
mate, the dependence of the optical thickness of the stratosphere on the
mass of aerosol particles in the stratosphere has been calculated. Under
natural conditions, the optical thickness of the stratosphere is about 0.02.
This means there is a 2% attenuation of the radiation flux passing through
the stratosphere. The dependence between variations in the optical thick-
ness of the stratosphere Ar and the sulfate aerosol concentration AS in
micrograms per cubic meter can be expressed in the form

A7 = 0.038 AS. (5.6)

Taking into account the mean lifetime of particles, their density, the
mean concentration of H,SO, in droplets, and the fact that the bulk of the
sulfate aerosol is within the 10-km layer, the following formula can be ob-
tained:

Ar = 5.1 X 1071 E, 5.7)

where E is the mass of SO, (in kilograms per year) discharged over one
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hemisphere by 20-km-level flights. The coefficient in this formula is re-
duced by half for 17-km-level flights.

In addition to the effect of stratospheric aerosol on shortwave radia-
tion, an increase in its mass also decreases the flux of longwave emission,
thus strengthening the greenhouse effect. The calculations show that the
decrease in shortwave radiation is four times greater than that in long-
wave emission. Thus the latter effect can be neglected in studying varia-
tions in the radiation regime.

The climatic models establishing the relationship between the income
of solar radiation and air temperature near the earth’s surface should be
used in assessing the climatic effect of variations in radiation income to
the troposphere. Because of the inertia of the ocean—atmosphere—polar-
ice system this dependence is different for different periods of time during
which temperature varies. Assuming that the process studied occurs over
10 yr, the authors of this investigation have obtained for these conditions
the relationship between the relative change in the income of total radia-
tion 8o /o and the change 87T in the mean annual planetary air temperature
at the earth’s surface in the form (Budyko, 1968a)

8T = 150 éa /0. (5.8)

The proportionality coefficient in this formula increases with increasing
period of time. From the formulas of atmospheric optics, the relationship
between the relative variations in total radiation and stratospheric optical
density for this case was found to be

8/ = —0.186 Ar. (5.9

Using Eqgs. (5.7)—(5.9) we can find variations in the mean air tempera-
ture 87 for the cases of different discharges of SO, into the stratosphere.

Assuming that in the year 2000 high-flying aircraft will produce 10° tons
yr! of discharges, we can find that the mean temperature in this case will
be lowered by 0.16°.

In addition, the atmospheric radiation regime may be affected by a de-
crease in ozone concentration and an increase in the amount of water
vapor and nitrogen oxides discharged by aircraft in the stratosphere.

Because of decreased ozone concentration the atmospheric absorption
of solar radiation decreases and the temperature drops. This is compen-
sated for to some extent by an increase in absorption of radiation due to
the growth of NO, concentration. Taking this into account we find that
with a 10% decrease in total ozone concentration the temperature of the
surface air layer is lowered by approximately 0.1°. Such a variation in
ozone mass can occur only with a considerable mass of discharges from
stratospheric aircraft engines. Under these conditions an additional quan-
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tity of water vapor enters the stratosphere, increasing its humidity by 20—
30%. This intensifies the absorption of outgoing longwave emission, thus
leading to an air temperature rise near the earth’s surface of 0.1-0.2°.
Thus the total effect on the thermal regime of changing ozone and water
vapor concentrations may prove to be insignificant, even with large
amounts of aircraft discharges.

From CIAP data we may conclude that at present the climate is only
slightly affected by stratospheric aircraft and that in the next 10 to 20 yr
the effects are not likely to become significant.

5.3 CHANGES IN GLOBAL CLIMATE
Effects on atmospheric composition

As noted in the previous section, man’s impact on the chemical compo-
sition of the atmosphere must have resulted in varied global climatic con-
ditions due to the growth of CO, concentration. The effect of man-made
aerosol on the global climate seems to be less significant although it
changes somewhat climatic conditions over many populated areas.

Thus the main question of the problem under consideration is asso-
ciated with studying the effect of CO, concentration growth on climate.

As noted before, at present there are two estimates regarding the CO,
concentration growth that occurred from the mid-1850s to the late 1970s.
Taking into account the amount of fossil fuel consumed, it was concluded
that during this period the CO, concentration has increased from 0.029 to
0.033%, i.e., by 14%. Stuiver (1978) and Wilson (1978) concluded that
over this period the CO, concentration has grown from 0.027 to 0.033%,
i.e., by 22%. These results could be in agreement if a conclusion of
Stuiver and Wilson were taken into account: that the CO, concentration
growth was greatly affected by the destruction of forests that occurred, as
they believed, chiefly in the second half of the 19th century. The bulk of
the fossil fuels consumed since the mid-1850s was burned during the 20th
century. Therefore, the CO, concentration seems to have been increased
by 10-12% in the second half of the 19th century chiefly because of a de-
creased mass of plants and products of plant destruction and increased by
10-12% in the 20th century because of the burning of fossil fuels. The
latter value is more reliable because the precision of the isotope method
used by Stuiver and Wilson is rather limited.

The values of CO, concentration growth given here are not small. This
growth must have exerted a considerable effect on the climate and the
productivity of vegetation cover (the latter will be discussed in Chapter
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6). Here we give the estimation for the variations in mean air temperature
near the earth’s surface that must have occurred under the influence of
increasing CO, concentration.

In Fig. 5.3 are presented data showing variations in the mean air tem-
perature near the earth’s surface in the Northern Hemisphere computed
for 5-yr running periods (curve 2) and variations in this temperature due to
CO, concentration growth (curve 3) for the last 90 yr. This calculation
(which is mentioned in Chapter 3 and discussed in more detail in Chapter
6) is carried out with the assumption that doubling the CO, concentration
while retaining continental polar ice leads to a 3° increase in mean surface
air temperature. In addition, the nonlinear dependence of the temperature
increase on CO, concentration growth is taken into account.

As seen from Fig. 5.3, although actual temperature variations differ
from calculated resuits, observational data confirm the tendency toward
warming. This tendency is easy to see in a comparison of the tempera-
tures for the first and the second halves of the period in question. For ex-
ample, before 1920 the temperature did not reach the mean value (normal)
for the entire period. After that year it exceeded the normal for almost the
whole interval. Curves 2 and 3 do not coincide because of the effect of
variations in atmospheric transparency on the temperature. We have es-
tablished that as the transparency decreases, the temperature decreases
and that increased transparency causes increased temperature. This is
confirmed by comparing data on relative anomalies of solar radiation
under a clear sky that describe the atmospheric transparency, (curve 1)
and the secular trend of air temperature (curve 2).

Figure 5.3 shows that the growth in CO, concentration has resulted in a
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Fig. 5.3 Secular course of direct radiation and mean air temperature in the Northern Hemi-

sphere: curve 1, direct radiation; curve 2, mean air temperature; curve 3, temperature varia-
tion due to CO, mass growth.
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0.5° temperature rise near the earth’s surface, beginning at the end of the
19th century. Although this value is sufficiently great, it is nevertheless
considerably disguised by short-term climatic changes caused by varia-
tions in atmospheric transparency.

The question of how the mean air temperature varied in the 19th cen-
tury should be further studied. If during the second half of the 19th cen-
tury the CO, concentration increased by 10—12%, the mean global tem-
perature should have increased by 0.5°. As a result, the total variation,
due to man’s impact, in the mean temperature from the mid-1850s until
now is about 1°.

This conclusion can hardly be confirmed by observational data because
a more or less complete meteorological network on the continents was es-
tablished only at the end of the 19th century. Observations of the state of
Arctic Sea ice, which is an indicator of the thermal regime, were carried
out only in a few regions at high latitudes in the 19th century. Available
data show that a certain temperature rise did take place in the second half
of the 19th century, although it seemed to be less than the indicated value.

It is likely that the warming caused by the growth of CO, concentration
during the second half of the 19th century was considerably compensated
for by the thermal regime effect of an increase in global albedo of the
earth—atmosphere system due to deforestation, which will be discussed
below in more detail.

It is easier to estimate quantitatively the influence of variations in CQ,
concentration on the air temperature during the past 90 yr. As seen from
Fig. 5.3, at this time the air temperature in the Northern Hemisphere,
averaged over 5-yr running periods, depended on the growth of CO, con-
centration and on fluctuations in atmospheric transparency. Curve 1 in
Fig. 5.3 presents values of direct radiation anomalies under a clear sky as
obtained by Pivovarova (1977b). These values are averaged over 5-yr run-
ning periods.

It should be noted that curves of secular temperature trends are con-
structed from observational data from hundreds of meteorological sta-
tions situated on the continents and from ships’ observations. Thus, the
temperature data cover the extratropical zone in the Northern Hemi-
sphere more or less evenly.

By contrast, data on the secular trend of direct radiation are obtained
from a group of actinometric stations situated in the mid-latitudes of Eu-
rope, Asia, and North America. At the beginning of the period in question
data from a few stations were used; at the end of the period there were 13
stations.

The analysis of data by Pivovarova shows that it is sufficient to have
data from only ten actinometric stations, situated in different regions of



214 5. Man’s Impact on Climate

the Northern Hemisphere, in order to reveal the major features of varia-
tions in the mean value of direct radiation. Therefore, radiation data given
in Fig. 5.3 can be considered as representative for a greater part of the
period in question. Although the available estimates of radiation anoma-
lies for the beginning of this period are not adequate, they do in this case
give useful information on the conditions of atmospheric transparency.

Comparison of curves 1 and 2 is of great interest. The chief difference
between them is the tendency to rising temperature observed over a
greater part of the period in question. There is no such tendency in the
curve of the secular trend of direct radiation, which is characterized by
fluctuations both above and below a stable mean value, with some reduc-
tion in radiation during the last decades.

In addition, there is a close similarity between the main features of the
secular trend of direct radiation and the temperature.

It is seen that the chief maxima and minima of curve 2 correspond to
similar variations in curve 1, the temperature variations lagging somewhat
behind those in radiation and being smoother.

Of great importance is the relationship between radiation fluctuations
and a long-term warming trend, which began in the 1920s. In 1914-1915, a
sharp increase in radiation occurred, following which a long-term positive
anomaly in radiation was observed. In 1918-1922, due to increased radia-
tion, the air temperature rose. Then in 1931-1934, radiation increased
again, causing a temperature elevation in 1935-1938. The 1953 radiation
minimum resulted in the 1956-1957 temperature minimum. The radiation
peak in 1959 was followed by the maximum in temperature in 1960. The
deep minimum in radiation in 1966 led to an air temperature minimum in
1967. Thus, in most cases considerable increases and decreases in radia-
tion were followed by temperature fluctuations that lagged behind the ra-
diation variations by a period of one to five years (more often by three
years).

Observational data show that variations in radiation income to the tro-
posphere depend chiefly on the mass of stratospheric aerosol, which
changes slightly in space within the stratosphere over each of the hemi-
spheres because of intensive horizontal mixing. As a result, for estimating
the average conditions of stratospheric transparency, data of actinometric
observations (or observations of aerosol concentration) at a small number
of stations are sufficient.

The influence of atmospheric transparency variations and changes in
CO, concentration on air temperature can be studied using the aforemen-
tioned dependences. As seen, the sign of the difference between the tem-
perature anomalies depicted by curves 2 and 3 in most cases coincides
with that of the direct radiation anomalies. This demonstrates the deter-
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mining character of the effect of radiation fluctnation on less extended air
temperature variations in the Northern Hemisphere.

It is interesting to compare the relative values of temperature anomalies
caused by radiation fluctuations with those of the radiation anomalies.
Figure 5.3 shows that the ratio of temperature anomaly due to radiation
fluctuation to radiation anomaly increases with the period of time during
which the sign of the corresponding anomalies remains the same. From
1920 to 1945 the longest positive radiation anomaly was observed, its
mean value being + 1.3%. From calculations by formulas of atmospheric
optics it follows that this corresponds to a 0.2% increase in total radiation
(Budyko, 1971). Over the period of time under consideration, the tem-
perature anomaly due to atmospheric transparency variations (the tem-
perature anomaly is equal to the difference between the values presented
as curves 2 and 3) is + 0.24°. The ratio of the second value to the first (AT,)
amounts to 1.2° per one percent.

From Fig. 5.3 it follows that the value of this ratio for shorter time inter-
vals is less than 1.2° per one percent; this can be explained by the influ-
ence of the earth—atmosphere thermal inertia.

To study this feature quantitatively it is possible to use an equation
given in Chapter 4:

—-9T/ot = MT ~ T, (5.10)

where 9T /dt is the rate of change with time of the mean air surface tem-
perature T for the Northern Hemisphere; T, the radiative temperature cor-
responding to the radiation income; and A an empirical parameter de-
pending on the earth—atmosphere thermal inertia, which for global
conditions is mainly determined by the process of heat exchange in the
upper layers of ocean waters.

From (5.10), provided that T = T, at r = 0, it follows that

T—T,=(T, — T)e ™. (5.11)

Note that (5.10) and (5.11) could be used for calculating variations in
both absolute temperature values and their anomalies.

The value of A obtained in Chapter 4 from data on the annual tempera-
ture cycle in the Northern Hemisphere appeared to be 0.4 yr™'. Tempera-
ture variations for longer-term periods should be characterized by smaller
X values, since in these cases the processes of heating and cooling involve
deeper layers of ocean waters. This question has been studied by Oliver
(1976) who found the A coefficient to be about 0.1-0.2 yr™* over several
decades.

It should be emphasized that the dependence of the A coefficient on
time is one of the causes of the inaccuracy of (5.11), which gives only an
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approximate idea of the regularities of changes in the thermal state of the
earth—atmosphere system.

Taking into account the aforementioned values of A, we can find from
(5.11) the difference between the AT, parameter calculated from data on
climatic changes over a 25-30-yr period and this parameter for stationary
conditions. Considering T, = 0 and assuming ¢ to be half of the time inter-
val given above, we can find the ratio of these values to be about 0.8. It is
likely that the difference of this value from unity explains why AT, ob-
tained from data on climatic changes is smaller than AT, values deter-
mined for stationary conditions.

Keeping in mind the above dependence of air temperature on CO, mass
growth, and using (5.11) for calculation of the temperature effects of di-
rect radiation fluctuations, we can compute the secular trend of the mean
air temperature for the Northern Hemisphere (Budyko, 1977b). For this
we assume that AT, = 1.5°, the relation of total radiation anomalies to di-
rect radiation anomalies i1s §, and A = 0.1 yr™'.

The calculation of temperature anomalies by this method has been car-
ried out for every year of the period under consideration, T, being taken
from observational data for the first year. For successive years it corre-
sponded to T obtained for the previous year. The results are depicted in
Fig. 5.4 as curve 2. Comparison of this curve with observational data
(curve 1) shows their great similarity.

From Fig. 5.4 it follows that the correlation coefficient between the
values indicated above is 0.73. This value is sufficiently high if we take
into account that the data used are approximate and the numerical model
applied is schematic.

There is no reason to doubt that the actual correlation between varia-
tions in the mean Northern Hemisphere temperature and the factors taken
into consideration is characterized by a larger correlation factor than that
obtained here. Among the reasons for the lower correlation coefficient
computed here is the lack of completely representative radiation data, as
noted above, due to an insufficient number of stations for a part of the
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Fig. 5.4 Mean temperature anomalies in the Northern Hemisphere: curve 1, observed data;
curve 2, computed results.
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period in question. In addition, these data seem to reflect for recent years
not only global variations in stratospheric transparency but also anthropo-
genic fluctuations in tropospheric transparency, which, as noted above,
occur in certain regions. Since this effect is accounted for only approxi-
mately in the computation set forth here, it could lower the accuracy of
the results obtained for a certain period of time.

It should be emphasized once again that the model used for calculating
temperature variations is highly schematic, but it has the advantage that it
incorporates a very small number of empirical parameters. It should also
be mentioned that the results obtained are slightly sensitive to variations
in these parameters (Oliver (1976) has drawn a similar conclusion). It is
obvious that this model could be appreciably improved. This would lead
to better correspondence between the curves presented in Fig. 5.4.

We can conclude that air temperature variations averaged over 5-yr pe-
riods in the Northern Hemisphere are almost completely determinated and
depend on casual factors only slightly. The secular temperature trend can
be computed with sufficient accuracy using simple climatic models, if
major factors affecting temperature changes are taken into account. There-
fore, it is possible not only to compute past climatic changes but to fore-
cast future ones.

The second conclusion is that mean air temperature variations in the
Northern Hemisphere have been considerably affected by the growth of
CO, concentration over the last century.

Miles and Gildersleeves (1977) have also concluded that CO, concen-
tration growth is important in variations in the atmospheric thermal re-
gime over the last hundred years.

Other factors of climatic change

The influence of other anthropogenic factors on present-day global cli-
matic conditions is rather limited. Of these factors, the production of en-
ergy in different kinds of economic activities deserves attention. This fac-
tor results in additional heating of the atmosphere and the earth’s surface.

We calculated (Budyko, 1962a) the quantity of heat produced by man’s
economic activities. It amounts to 0.01 kcal cm™2 yr~! for the entire
earth’s surface, and to 1-2 kcal cm 2 yr~! for highly developed industrial
regions with areas of tens to hundreds of thousands of square kilometers.
Over large cities (tens of square kilometers) this value increases up to tens
and hundreds of kilocalories per square centimeter per year. It can be cal-
culated how this additional heat release influences the mean temperature
of the earth.
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It was mentioned above that a 1% change in the energy coming to the
earth from the sun changes the mean temperature near its surface by 1.5°.
Assuming that the heat produced by man now comprises about 0.006% of
the total radiation absorbed by the earth—atmosphere system, we find that
an increase in mean temperature corresponding to this quantity of heat is
approximately 0.01°. This value is comparatively small. However, in
some regions, it must be significantly greater because of the uneven distri-
bution over the surface of the earth of the heat sources created by man.

It was mentioned in the above paper that, in the absence of atmospheric
circulation, in highly developed industrial regions the temperature could
increase by 1°, and in big cities by tens of degrees. This would probably
make life impossible there. The influence of atmospheric circulation con-
siderably weakens the corresponding temperature rise, this attenuation
being greater the smaller the area over which the production of additional
heat energy is concentrated.

Flohn (SMIC, 1971) has estimated the consumption of energy as an ad-
ditional source of heat for the atmosphere. He established that in the cen-
tral part of New York City and in Moscow the heat income produced by
man exceeds by several times the amount of energy coming from the sun.
In a number of smaller cities and in highly developed industrial regions
with areas of tens of thousands of square kilometers the inflow of addi-
tional heat is 10 to 100% of the solar energy income.

In many countries occupying areas of hundreds of thousands of square
kilometers the additional heat inflow amounts to ~ 1% of the solar radia-
tion energy.

Flohn’s data corroborate the above conclusion that not only in large
cities but over large areas of industrial regions energy production by man
is an important climate-forming factor.

In the first section of this chapter it was indicated that the destruction of
vegetation cover and the irrigation of arid lands influence local changes in
surface air temperature. It was mentioned that global climatic changes re-
lated to these measures can be opposite in character to the local changes.
Thus, if irrigation causes a reduction of air temperature over fields, the
mean surface air temperature will increase because of decreased global
albedo due to irrigation. The reverse effect can take place as a result of
the destruction of vegetation cover.

Sagan er al. (1978) have considered the question of variations in mean
air temperature due to anthropogenic effects on vegetation cover. Differ-
ent forms of man’s impact on vegetation cover are considered in this
paper. The authors have estimated variations in global albedo and in mean
surface air temperature caused by these effects. Of greatest importance,
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the authors have concluded, is the anthropogenic destruction of savanna
vegetation and the conversion of the savanna to desert (this occurred dur-
ing several thousands of years over an area of 9 X 10° km? and was fol-
lowed by an increase in the surface albedo of 0.19) as well as the felling of
tropical forests (over an area of 7 X 10 km? with an increase in albedo of
0.09). Because of these processes, the global albedo of the earth—atmo-
sphere system has increased by 0.006, resulting in a lowering of the mean
air temperature by approximately 1°.

It is assumed that over the last 25 yr, as a result of the causes indicated,
the albedo has increased by 0.001, producing a temperature reduction of
0.2°.

The authors of the paper believe that the temperature variations they
have found explain the cooling that occurred in the little ice age as well as
the temperature lowering that took place from 1930 to 1970.

It does seem that, although the estimates given here are somewhat
overstated (the actual values of albedo variations seem to be lower than
the values in the calculations), the effect of albedo variations on the ther-
mal regime as indicated here has undoubtedly taken place. However, it
should be kept in mind that the destruction of forests was accompanied,
as indicated above, by the release of a considerable amount of CO,, which
led to increased mean air temperature. Hence, the effect on albedo varia-
tions of destroying vegetation cover was to a considerable extent compen-
sated for.

We shall also give an estimation of the effect on the atmospheric ther-
mal regime of variations in atmospheric CO, concentration caused by the
destruction of vegetation cover. In the paper mentioned above, it was
supposed that the total area of forests destroyed by man amounts to 15 X
10 km?2, a forest area of 2.5 X 10° km? having been cut during the last
25 yr. It follows from data given in Sections 5.2 and 5.3 that during this
period the atmospheric CO, concentration grew by 7% and this increased
the mean air temperature by 0.3°. If 4 to # of the total CO, mass produced
by man is formed by the destruction of vegetation cover, the process indi-
cated must have caused a 0.1 to 0.15° rise in air temperature over the pe-
riod examined. Similar calculations carried out to assess the results of de-
stroying forests of an area of 15 X 10° km? give a corresponding
temperature rise of 0.6-0.9°.

The estimates of temperature change obtained here differ but slightly
from the values of temperature lowering due to increased albedo given by
Sagan and co-workers. Thus it is possible that the effect of CO, concen-
tration growth has compensated, to a greater or lesser degree, for the ef-
fect of increased albedo. Unfortunately, the accuracy of the estimates
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considered here is insufficient for more or less reliable assessment of the
total values of temperature variations caused by the destruction of vegeta-
tion cover.

One might think that the indicated temperature differences are not neg-
ligibly small and they should be taken into account in studying climatic
change. At the same time, it is unlikely that this factor could be the main
reason for the cooling during the little ice age and in the middle of our
century.

In a study of the impact of irrigated lands on global climate (Budyko,
1971), the mean surface air temperature effect of the existing irrigation
system has been estimated. The earth’s surface albedo can be lowered by
approximately 0.10 over irrigated zones. Considering the relationship be-
tween the albedos of the earth’s surface and the earth—atmosphere sys-
tem (refer to Chapter 3), we find that for little cloudiness, this decrease in
the earth’s surface albedo corresponds to a decrease in the earth—atmo-
sphere system albedo by 0.07. The area of irrigated lands is approximately
2 x 10% km?, that is, about 0.4% of the earth’s total surface area. Irriga-
tion thus decreases the earth’s albedo by approximately 0.0003.

In Chapter 3 it was established that a 0.01 change in the earth’s albedo
changes the mean surface air temperature by 2.3°. Keeping this in mind,
we find that irrigation increases the mean surface temperature by approxi-
mately 0.07°. This change in temperature is comparatively small.

The mean surface air temperature may have been somewhat affected by
artificial reservoirs.

The mean value of the earth’s surface albedo is decreased in approxi-
mately the same way by the construction of reservoirs in regions covered
with vegetation as it is by irrigating deserts. Since large artificial reser-
voirs are built in regions with comparatively moist climate, where more or
less considerable cloudiness exists, the earth—atmosphere system albedo
in this case changes less than in irrigated areas with little cloudiness. In
addition, since the total area of artificial reservoirs is significantly less
than the area of irrigated lands, the effect of the former on the mean sur-
face air temperature proves to be comparatively small.

The urbanization process exerts some influence on climatic conditions
as a result of replacement of forests and fields by construction, asphalted
roads, and so on. Sagan ef al. (1978) have assessed this effect. They be-
lieved that this process had spread over an area of 10° km?, decreasing its
albedo from 0.17 to 0.15. The corresponding decrease in global albedo
amounts to 2.5 X 107°. This increases the mean air temperature near the
earth’s surface by approximately 0.005°, i.e., a comparatively small
value.

In addition to the processes enumerated above, the release of heat by
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people in the course of their vital activities may have a certain effect on
air temperature. The role of this heat inflow can be felt over limited areas
that are overcrowded but is insignificant over large territories.

The material in this section shows that changes in global climate during
the last decades seem to depend to a certain extent on man’s economic
activities. This might explain the fact mentioned in Chapter 4 of the atten-
uation during this period of the relationship between variations in the
mean global temperature and volcanic activity, which have been estab-
lished from observational data for previous years.

We may conclude that further development of economic activities will
lead to far larger variations in global climate.



Chapter

The Climate of the Future

6.1 CLIMATIC CONDITIONS IN THE NEAR FUTURE
Natural climatic change

As aiready mentioned in Chapter 1, for practical use, the most impor-
tant data are those on climatic conditions for the next 50 yr, i.e., the late
20th and early 21st centuries.

The physical mechanism of natural climatic change throughout the last
several decades has been considered in Chapter 4. According to our
views, aerosol fluctuations in the lower stratosphere are generally respon-
sible for these changes. Since aerosol fluctuations are strongly dependent
on volcanic eruptions, the level of volcanicity affects climatic conditions
over time periods of years and decades.

Presently there are no reliable methods for the prediction of volcanic
activity. Therefore, the potential effects of this factor on the future cli-
mate can be considered only in terms of the possible extent of relevant

climatic change.
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As mentioned in Chapter 4, the warming trend in the early 20th century
was caused to a great extent by fluctnations in volcanic activity that re-
sulted in an increase of about 0.5° in the mean global temperature. Ac-
cording to Lamb (1970a), the intensity of volcanic activity fell off sharply
during the 1920-1930s, but this was a relatively rare phenomenon in the
regime of volcanism during the last centuries.

A quantitative analysis of Lamb’s data on volcanic activity and infor-
mation on secular variations in the mean global temperature enable us to
draw the following conclusion. At the end of the current century the prob-
able change in the global temperature averaged over a decade due to vol-
canic fluctuations will be 0.1-0.2° and the maximum change several
tenths of a degree. These changes, which are not negligible, can definitely
be of practical importance, mainly because precipitation in certain areas
is highly sensitive to changes in the mean global temperature. However, it
is clear that at the end of the 20th century and particularly in the first quar-
ter of the 21st century the natural changes in the mean temperture will be
far smaller than the anthropogenic changes.

Man-induced changes in the atmospheric composition

The previous chapter considered the idea that in the 20th century the
climate is being more and more affected by an increase in CO, concentra-
tion in the atmosphere caused by the combustion of fossil fuels and by the
reduced quantity of carbon present in living organisms and their waste
products.

In recent years several studies have been made concerning the future
development of energetics, which affects the global CO, balance (Baes et
al., 1976; National Academy of Sciences, 1977; Olson et al., 1978).

It is quite understandable that the reliability of predictions of the
progress of energetics diminishes rapidly the farther away the future they
refer to. A prognosis can be realistic for 2000-2025 but it is difficult to
predict the energetics prospects with reliable accuracy for later periods.
Although fossil fuel reserves are sufficient for hundreds of years, the fuels
within easy reach will run out and the less accessible sources wiil come in
to use. This will result in a rise in prices for fuel and promote extensive
application of nuclear and other kinds of energy that are not associated
with additional CO, production. The available estimates of long-term en-
ergetics development are to a certain extent invalid because of difficulties
in predicting technological progress in this field. Therefore, instead of
prognoses for energetics development referring to the mid-21st century
and later periods, it is more reasonable to consider a few scenarios and
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evaluate possible variations in natural conditions for each scenario. Such
estimates must be taken into account in plans for energy development, in
which it is desirable to envisage extensive applications of methods of en-
ergy production that are less dangerous to the environment.

It must be mentioned that for the more distant future the accuracy of
calculations of the atmospheric CO, concentration variations is limited.
This is one more reason why the estimates given by a number of authors
of possible CO, concentrations in the second half of the 21st century and
later periods are very approximate.

There are various models of the present carbon cycle that allow us to
calculate future concentrations of CO, in the atmosphere. Let us look at
the model presented by Keeling and Bakastow (1977).

Fig. 6.1 gives a general diagram of this model, with the carbon flows
between the reservoirs shown as arrows. The amount of carbon in each of
the three reservoirs is divided into two parts. The carbon of the land biota
is represented by two components, one characterized by a slow circula-
tion (the residence time of carbon is of the order of a few decades) and the
other by a rapid circulation (the residence time is of the order of several
years).

The authors have selected four different scenarios of fossil fuel usage in
the next few hundred years. The CO, production from fossil fuel accord-
ing to these scenarios is shown in Fig. 6.2. We can see that, with different
scenarios, after CO, production has increased by 2 to 8 times the present-
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Fig. 6.1 Diagram of CO, circulation.
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Fig. 6.2 The forecast for changing CO, production in the future (curves 1-4 denote differ-
ent variations of progress in energetics).

day level, the rate of CO, release into the atmosphere decreases because
of dwindling fossil fuel reserves.

To calculate future CO, concentrations Keeling and Bacastow used the
above-mentioned model of the carbon cycle among the atmosphere, the
oceans and the land biota. The present flows of carbon are based on ob-
servational data relating to the isotope content of carbon and on other em-
pirical information.

In the calculation of the carbon balance with an anthropogenic growth
of atmospheric CQ, it is assumed that the CO, concentration increases
only by the combustion of various kinds of fossil fuels. Photosynthetic
consumption of CO, to increase the biota is related to the CO, concentra-
tion by a logarithmic function. For small variations in the CO, concentra-
tion this function is close to a direct proportionality between the relative
increase in CO, consumption and its concentration variations. The coeffi-
cient of proportionality in this case is assumed to be 0.266 until the year
2000. From 2000 to 2025 it decreases by 4% a year and after that time it is
assumed to be zero, which corresponds to a stable amount of biota.

The results obtained by Keeling and Bacastow are presented in Fig.
6.3. It shows the temporal variation in the CO, concentration as multiples
of the preindustrial atmospheric concentration of CO,. In all cases the
CO, concentration increases by 6 to 8 times in the interval from the end of
the 21st century to the end of the 23rd, depending on the rate of fuel con-
sumption.

It is noteworthy that in the future the CO, concentration from the use of
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Fig. 6.3 The forecast for changing the amount of CO, in the future (curves 1-4 denote dif-
ferent variations of progress in energetics).

fossil fuel reserves will be about 0.2%. This corresponds roughly to the
average level for the Phanerozoic, as shown in Chapter 2. The question
arises of how long such a high concentration can be maintained in the con-
temporary epoch. Calculations on the basis of the available models show
that the concentration will decrease but at a slow rate.

The results of the above calculation depend on an assumption con-
cerning variations in the biota over the period in question. If we assume
an unlimited growth of the biota with an increasing CO, concentration,
the maximum CQO, increase will be far less than we supposed it to be.
Such a result is obtained, for instance, by Revelle and Munk (1977) who
studied the CO, balance with various assumptions relating to variations in
the biota on the continents.

We should like to emphasize that, if the global amount of biota de-
creases within the next few decades because of clearing of forests, or if it
remains the same, the rate of CO, growth could be even greater than
Keeling and Bacastow supposed.

Figure 6.3 shows that all the scenarios of energy development give simi-
lar concentrations for CO, in 2000. Estimates for this time obtained by
other authors based on different models of the CO, balance differ very
little. The difference increases between the results of calculations for later
periods. Therefore, in evaluating climatic conditions of the future we use
data on atmospheric CO, content only up to 2025.

Conclusions concerning CQO, concentrations in the very near future,
based on various research papers, are shown in Table 6.1.

We think that the future climate is less sensitive to other anthropogenic
factors affecting the atmospheric composition than to CO, fluctuations,
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Table 6.1
Carbon Dioxide Concentration (%)
Reference 2000 2025
Machta (1973) 0.0375-0.040 —
Stumm (1977) 0.038-0.040 0.052-0.064

Keeling and Bacastow (1977) 0.037-0.039 0.047-0.074

since there are more opportunities to restrict other factors in comparison
to CO, production.

For example, it is hardly possible that the anthropogenic aerosols will
increase considerably in the future, for this is incompatible with the pres-
ervation of favorable sanitary conditions in populated areas and with pro-
tection of the natural environment. It is well known that even now many
countries take drastic measures against atmospheric pollution and efforts
in this field are sure to increase in the future.

It was mentioned in the previous chapter that future increases in rela-
tively minor atmospheric components such as Freon, nitrogen oxides,
and other gases resulting from man’s economic activities might also affect
the climate (Ramanathan, 1976; Wang er al., 1976). Evaluating their po-
tential effects on the mean air temperature, Flohn (1978) has supported
the supposition that this process will make the warming trend caused by
the CO, rise more intense. It is possible, however, that the effect of these
gas components upon the thermal regime will be less than that of CO,.

It should be taken into account that the future climate can be affected
by the heat produced from all kinds of energy consumed by man. It is evi-
dent that this effect will add to the global warming, its extent being deter-
mined by the energy balance of man’s economic activities. This problem
is treated below.

The thermal regime change

Considering the problem of climatic conditions in the next few decades,
it can be concluded that they will depend mainly on the anthropogenic rise
in atmospheric CO, concentration. According to the data presented in the
previous chapters, doubling of the CO, concentration in comparison with
that of the preindustrial period could occur within several decades and
could increase the average temperature by about 3°. There are no other
factors, either natural or anthropogenic, that could induce such great fluc-
tuations of the thermal regime within the next 50 yr.

Figure 6.4 depicts the expected man-made variations in the mean air
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Fig. 6.4 Forecast (in 1972) of expected variations in mean air temperature at the earth’s
surface: curve 1, secular course of mean temperature; curve 2, temperature variations due to
energy production growth; curve 3, temperature variations due to CO, concentration
growth.

temperature near the earth’s surface based on the prediction made at the
beginning of the 1970s (Budyko, 1972a). In this study it was supposed that
an increase in the CO, concentration in the atmosphere would be a basic
factor in climatic change at the end of the 20th century and in the first half
of the 21st, which, by the middle of the 21st century, will lead to a mean
temperature rise of 2°. A total growth of heat income due to energy pro-
duction could intensify the warming in the second half of the 21st century.
The same prediction proposed a decrease in the meridional temperature
gradient that will accompany the warming and a consequent worsening of
moisture conditions in some continental areas in middle latitudes.

This prediction was introduced at the time when the climate was be-
lieved to be changing toward a cooling trend. As mentioned above, there
were over 20 prognoses on climatic change in the early 1970s, each of
them favoring the continuation of the cooling process. Figure 6.4 shows
that, according to our prediction, the cooling was supposed to have
stopped at the end of the 1960s. This supposition could not have been
verified earlier than the mid-1970s, after enough observational data had
been accumulated. Chapter 5 presents information that shows that at the
end of the 1960s the cooling had actually stopped and possibly changed to
a warming process.

The second prediction of anthropogenic climate change, which ap-
peared a few years after the first one (Budyko and Vinnikov, 1976), was
based on the data from the studies of Manabe and Wetherald (1975) and
Schneider (1975).
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The first of these works, which has already been mentioned, presents a
calculation of the air temperature change with increasing CO, concentra-
tion in the atmosphere, based on the model of a general climatic theory
that takes account of the general atmospheric circulation. This theory was
in many respects more detailed than those that were used in the previous
studies of CO, effects on the thermal regime of the atmosphere. For in-
stance, it includes water exchange in the atmosphere as well as a feedback
of the atmospheric thermal regime and the ice—snow boundary that deter-
mines the reflection of solar radiation in high latitudes.

Manabe and Wetherald have established in their calculations that an in-
crease of CO, from 0.03 to 0.06% leads to an ~ 3° rise in the mean air tem-
perature near the earth’s surface.

Schneider has considered the sources of errors in various calculations
concerning the CO, effect on the air temperature. On the basis of joint
numerical experiments with Manabe and Wetherald, Schneider has con-
cluded that inaccurate climatic models used in the previous calculations
are mostly responsible for the lower estimates of air temperature varia-
tions due to fluctuations in CO,. At the same time he mentioned that a
comparatively rough parametrization of the atmospheric longwave radia-
tion used by Manabe and Wetherald could have led to overestimating the
air temperature rise by approximately 0.5° for doubling of the CO, con-
centration.

Considering the indicated error, we assume the temperature change
near the earth’s surface due to doubling the CO, as 2.5° which corre-
sponds to Manabe and Wetherald’s results with due regard for
Schneider’s correction.

It was highly arguable that estimates of the CQO, effect on the thermal
regime from studies of climate theory could be used under actual atmo-
spheric conditions, since they were obtained irrespective of the relation-
ship among fluctuations in CQ,, air temperature, and cloudiness. It was
indicated in Méller’s study (1963) that air temperature variations due to
CO, could be quite different if we consider this relationship. Many subse-
quent investigations are subject to the same considerations, the above-
cited works by Schneider and Manabe and Wetherald as well as SMIC
(1971) among them.

However, results concerning the heat income—air temperature relation-
ship and its dependence on variations in cloudiness (see Chapter 3) show
that the latter is not very strong. This enables us to utilize estimates of the
CO, effect on temperature that are obtained with an assumed constant
cloudiness.

Callendar in the above-mentioned study has established that the CO,
effect on the air temperature is nonlinear and decreases with increasing
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CO, concentration. We should take this effect into consideration when
using the above estimates of temperature variations due to doubling the
CO, in calculations relating to the effects on the air temperature of rela-
tively small deviations of CO, from its present concentration.

According to Manabe and Wetherald’s data (1967; SMIC, 1971), we can
find the ratio (AT/Ac)': (AT/Ac), where AT is the difference in mean sur-
face temperatures with a Ac change in CO,, (AT/Ac) refers to a doubling
of the present CO, concentration, and (AT/Ac)’ to an ~20% increase in its
contemporary value. This ratio appears to be ~1.5.

On the basis of this estimate it has been found that within the 1970—
2000 period the mean air temperature near the earth’s surface will rise by
0.65° with a 17% increase in CQO, concentration. Almost the same resuit
can be obtained by applying the semiempirical theory of the atmospheric
thermal regime.

On the basis of Machta’s calculations concerning CO, changes, it has
been concluded that during the same period the mean air temperature rise
due to CO, increase should vary in accordance with the data shown in
Fig. 6.5 (curve T). Curve A shows secular variations in temperature be-
fore 1975 (Budyko and Vinnikov, 1976).

According to calculations based on different climatic models with an in-
crease in CO,, the temperature at high latitudes varies more than that at
low latitudes. For instance, the study based on the semiempirical theory
of the atmospheric thermal regime (Budyko, 1974) and the works of Man-
abe and Wetherald show that the temperature change within the 60°-90°
latitudinal belt is 2.5 times the mean global value.

More detailed information concerning the future thermal regime has
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Fig. 6.5 Forecast of mean air temperature variations (1976): T, probable air temperature
change in the Northern Hemisphere until 2000 relative to the temperature averaged over the
95-year period 1881-1975; A, temperature change from observed data.
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been obtained using not only calculations based on climate theory but em-
pirical data on regularities of climatic changes at present and paleocli-
matic evidence (Budyko et al., 1978b). It was assumed in this study that
CO, concentration would be 0.037% in 2000 and 0.065% in 2025. We think
that these values correspond to the highest level of possible variations in
CO, concentration. Therefore, the climatic change as estimated for such
conditions should be considered the greatest possible for these periods of
time.

With the help of the above method it was found that in 2000 such an
increase in CO, would lead to a 0.6° rise in the mean global temperature.
In 2025 the CO, concentration in the atmosphere will be approximately
twice that of the 1970s. This will correspond to the chemical composition
of the atmosphere during the Pliocene when the mean temperature in the
Northern Hemisphere exceeded the present one by 4.8°. If we assume
that polar glaciations and aridity of the continental surface increase the
earth’s albedo and decrease the present mean air temperature near the
earth’s surface by about 2.0° compared to the Pliocene, we find that dou-
bling the CO, will result in a 2.5-3° temperature increase. This agrees well
with similar estimates based on climatic theories.

The above calculations of a forthcoming warming did not take into ac-
count the effect of oceanic thermal inertia on air temperature variations.
Using the model presented in Chapters 4 and 5, it can be found that the
indicated effect leads to a slowing down of the warming process on the
order of 10 yr, i.e., by a value of the order of the accuracy of the calcula-
tions. It is quite likely that this value will be compensated for by the effect
on the thermal regime of additional factors related to fossil fuel combus-
tion, for instance, trace gases absorbing longwave radiation.

If by 2000 a warming trend leads only to a relatively small contraction
of the polar sea ice area, its further intensification might cause permanent
sea ice to disappear before the end of the first quarter of the 21st century.
This conclusion is based both on the calculated variations of the heat bal-
ance of ice during a warming trend (Budyko, 1971) and on the analysis of
the empirical relationship between the present boundary of the sea ice and
the temperature of the lower air layer.

The area covered by sea ice and the average thickness of the ice depend
mainly on climatic conditions. The previous work (Budyko, 1971) intro-
duced a numerical model based on the equations of heat and water bal-
ance of sea ice that enables one to calculate the present boundaries and
thickness of sea ice. The results obtained agree reasonably well with ob-
servational data (Budyko, 1969a, 1971).

According to our calculations based on this model, the ice regime de-
pends on the solar radiation income, the air temperature during warm pe-
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riods of the year (ice melting season), and the air temperature of the cold
season when ice thickness increases mainly because of water freezing at
the lower surface of the ice. Results have shown that the ice thickness
varies greatly in the warm seasons, even with relatively small air tempera-
ture fluctuations, and it is far less affected by temperature variations dur-
ing the cold season.

Utilizing these results, we can estimate when central Arctic many-year
ice will turn into one-year ice because of the progression of global warm-
ing.

According to the empirical data on present climatic change, the summer
temperature rise in the Arctic sea-ice zone is on the average 100% of the
mean temperature increase in the Northern Hemisphere. In winter the
temperature change there is 4 to 5 times greater than that. Therefore, a 2°
increase in the mean temperature for the hemisphere corresponds to a
temperature rise of 2.0° in summer and 8-10° in winter in the zone of sea
ice.

Calculations based on the above theory show that under such condi-
tions the average decrease in ice thickness in summer exceeds 3 m. This
is enough to convert many-year ice into one-year ice. After that, addi-
tional warming must occur due to a decrease in the earth’s surface albedo
in high latitudes. In a number of studies it has been concluded that in the
central Arctic the ice-free regime can exist even without anthropogenic
heating of the atmosphere (Budyko, 1971). Therefore it is quite possible
that, with this heating at work and with many-year ice melted, one-year
ice will either disappear or persist only in the limited off shore regions of
the Arctic Ocean with the most severe winters.

In addition to the semiempirical method we have used to evaluate con-
ditions for sea-ice melting when a warming process is going on, there is a
simple empirical solution of this problem.

We should remember that many-year Arctic sea ice exists at an air tem-
perature in the warmest month of from — 1 to + 2°C, the major part of the
ice cover being in the zone where this temperature is from 0 to +2°C.
Studies relating to modern climatic change have established that during a
warming period the air temperature rise close to the sea-ice margins is
somewhat higher than the mean temperature increase over the entire ice-
covered zone. According to the empirical data, the summer temperature
rise there is more than 100% of the mean air temperature increase in the
Northern Hemisphere.

In other words, if the temperature averaged over the hemisphere rises
by 2°, the many-year ice that covers a zone with a warmest-month tem-
perature of 0 to + 2°C would melt, first at the edges where the temperature
rise would be the greatest, and then in the central regions. Evidently, as
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the ice melting proceeds, the air temperature will rise in the regions where
it used to be somewhat below 0°C during the warmest month. This would
be the result of additional warming due to a decrease in the albedo of the
earth’s surface, which would lead to the complete disappearance of the
ice cover. Taking into account that the mean air temperature has already
increased by a few tenths of a degree as compared to the end of the last
century, and allowing for possible error in the calculations, we believe
that, if the mean global temperature rises to 2—3° higher than in preindus-
trial time, it will be enough for the many-year ice in the Arctic to disap-
pear. Such an increase in temperature can be expected even before 2025.
1t is obvious that the time for ice melting depends on the acceleration or
slowing down of the warming process due to atmospheric transparency
fluctuations. As mentioned above, once the sea ice has melted, an addi-
tional temperature rise will occur, which would be especially significant in
high latitudes.

Climatic conditions to be expected in the USSR in 2000 as a result of
anthropogenic warming may be predicted by an empirical model of pres-
ent-day climatic change developed from observational data covering the
period of the existence of the world meteorological network (Vinnikov
and Groisman, 1979).

To describe global climatic change, an annual mean air temperature for
the Northern Hemisphere was used in this paper. A statistical method
was utilized to determine relationships among variations in the local pa-
rameters of the thermal regime in different seasons of the year and fluc-
tuations in the mean air temperature. Table 6.2 presents estimates of the
possible variations in zonal air temperature for different seasons. To ob-
tain these values it was assumed that the mean annual temperature would
rise by 0.5° in the Northern Hemisphere. The indicated estimates may be
considered a prediction of the air temperature variations by 2000 relative

Table 6.2
Variations in the Surface Air Temperature (°C)
at Different Latitudes of the Northern Hemisphere
by 2000

North latitude

Season 20-40° 45-60° 65° 70° 75-85°

Winter 0.4 0.6 1.4 2.0 2.4
Spring 0.3 0.5 0.6 0.6 0.6
Summer 0.2 0.4 0.8 0.8 0.6

Fall 0.3 0.6 1.0 1.1 1.1
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Fig. 6.6a Air temperatures for January.

to the mean air temperature in the 1970s. It is seen that, if the mean air
temperature rises by 0.5°, the most considerable change in the thermal re-
gime will occur in winter in the Arctic, where the mean air temperature
will rise by 2—-2.5°. The air temperature increase at all latitudes in summer
and at low latitudes in all seasons will be several tenths of a degree.
One should bear in mind that such temperature variations might take
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Fig. 6.6b Air temperatures for July.

place if the atmospheric transparency approaches its normal state. A
higher transparency increases the warming trend, a lower one, which
could be a result of more intensive volcanic activity, slows down the

warming process.

As already mentioned, in the 2020s the thermal regime will approach
that of the Pliocene if the amount of CO, doubles. For the latter period
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palacoclimatic maps are available for Europe and Asia, drawn by Sinitsyn
(1965, 1967) and based on the analysis of lithogenetic, geobotanic, and
zoogeographic data. Schematic climatic maps for the USSR territory
(without eastern Siberia) are presented in Fig. 6.6, based on Sinitsyn’s
data. The dashed lines show isotherms for January (Fig. 6.6a) and July
(Fig. 6.6b) characterizing the possible climatic conditions in the 2020s.
The solid lines represent the isotherms for the same months for the con-
temporary epoch (Atlas, 1964). It is seen from these maps that by the
2020s the air temperature in the Arctic area would rise by 12—15° in July
and 15-20° in January. In middle latitudes it would increase by 2—5° in
July and by 10—15° in January. The zero isotherm for January would shift
northward by 10-15 degrees of latitude.

It follows from the data on the warmest and coolest months’ tempera-
ture that in 45—-50 yr the thermal conditions of the northwest of the Euro-
pean part of the USSR would be similar to present-day climatic conditions
in central France, those of the north of West Siberia would correspond to
the southern part of Poland, and those of the central regions of West Si-
beria to the Middle Danube lowland.

The temperature rise will increase the duration of the period with
above-zero air temperature and of the growing season. Table 6.3 presents
data on variations in 2000 and 2025 in the total of the mean diurnal air
temperature over a period when the temperature is higher than 10°C,
which is one of the main agroclimatic characteristics (these sums are
equal to the product of the mean air temperature on the Celsius scale over
a period when the mean diurnal temperature is over 10°C and of the length
of the period). Throughout the area under consideration the sums of the
air temperature in 2000 would rise by 100-300°.

Table 6.3
Air Temperature Sums (°C) in 2000 and 2025 (for Periods with
Temperatures Higher Than 10°C)

East longitude (degrees)

30 50 70
North latitude At At At
(degrees) present 2000 2025 present 2000 2025 present 2000 2025
66.5 1000 1300 2400 700 900 2500 650 950 2500
60 1650 2000 2900 1550 1700 3000 1500 1650 3000
55 2100 2300 3400 2250 2400 3500 2000 2150 3400
50 2600 2750 3750 3100 3300 4500 2400 2550 4000

47 3200 3300 4500 3400 3550 4900 2900 3050 4500
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In 2025 the sums of the air temperature would increase by 1400—1800°
at the polar circle latitude, by 1200—1600° in the latitudional zone from 50
to 60°N, and by 1300-1600° in the south of the territory in question.

It follows from Table 6.3 that the thermal zones that are described by
the growing season conditions would shift northward in 2000 by 1-3 de-
grees, and in 2025 by 10-15 degrees of latitude in comparison with pres-
ent-day conditions (Budyko et al., 1978a).

These data on the future thermal regime can be compared to Kellogg’s
estimates (1977, 1978) concerning variations in the mean global tempera-
ture due to increasing CO, concentration in the atmosphere relative to
preindustrial times. His estimates for the current period (+ 0.5°) and for
2000 (+ 1.2°) coincide with our results. For 2025 Kellogg has estimated an
increase in temperature of 2.6° compared to preindustrial times (or 2.1°
relative to the modern epoch), which is somewhat lower than our result.

Pearman (1977) presents a diagram of the future mean air temperature
change near the earth’s surface resulting from an increase in CO, concen-
tration. The diagram shows the most probable temperature change at the
end of the 20th century and the beginning of the 21st, the results practi-
cally coinciding with our estimates.

The available estimates of the thermal regime within the next 50 yr
have confirmed the conclusion made somewhat earlier (Budyko, 1972a)
that, within this period, direct heating of the atmosphere as various kinds
of energy are converted into heat would not have a significant impact on
global climate. For later periods of time, opinions on this problem differ.
The author’s works (Budyko, 1962a, 1972a) suggest that, with a further
increase in energy production, anthropogenic heating of the atmosphere
will become significant in the second half of the next century.

The authors of ‘*Energy and Climate’’ (National Academy of Science,
1977) think that future centuries will not see more than a 0.5° rise in the
mean global air temperature due to the above factor. Since the methods
applied for the estimation of the energy impact on climate in the above
studies are practically identical, the difference of opinion is entirely ex-
plained by variation in the concepts concerning the rates of energy pro-
duction in the distant future. This problem is difficult to solve because the
investigators make different and arbitrary assumptions. However, all of
them believe that the local climate in the future will be more affected by
anthropogenic heating of the atmosphere.

Variations in the water regime

To estimate variations in precipitation by 2000, Vinnikov and Groisman
have applied an empirical model of climatic change. This model deter-
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Fig. 6.7 Relative changes in total precipitation as a percentage of the normal precipitation for
winter with an increase in mean hemispheric temperature of 0.5°.

mines the relationship between precipitation totals over the territory of
the USSR and global warming or cooling trends. Figure 6.7 presents rela-
tive variations that will occur in the total winter precipitation if the mean
global temperature rises by 0.5° (Vinnikov and Groisman, 1979).

To obtain these estimates measurements taken over the 1891-1973 pe-
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riod at more than 500 stations have been used. The necessary adjustments
have been made according to modifications in precipitation measurement
techniques to obtain homogeneous sets of observational data. The map
shows that a 0.5° global temperature rise will lead to a decrease in winter
precipitation over most of the steppe and forest-steppe zone of the USSR.
The decrease in precipitation during thits season will in some cases reach
30% of the normal value. Although the mean annual total precipitation
varies less than the total precipitation for the winter season, its change
reaches 10—-15% in a number of regions.

The reason for such a change in moisture conditions lies in less inten-
sive atmospheric circulation and water vapor transportation from the
oceans to the continents when the meridional temperature gradient de-
creases, which is characteristic of a warming period (Drozdov and Gri-
gorieva, 1963, 1971; Budyko and Vinnikov, 1973).

When, in the 2020s, a rising CO, concentration causes many-year polar
ice to disappear, rainfall will increase due to an increase in temperature
and in evaporation from the polar sea surface. Similar conditions existed
in the Pliocene, as can be seen from the maps of precipitation and tem-
perature distribution drawn up by Sinitzyn. Analysis of water exchange in
the atmosphere in the late Tertiary shows a noticeable reduction in mois-
ture flow from the oceans to the continents in comparison with the con-
temporary epoch. To some extent this compensates for an increase in pre-
cipitation under the influence of a temperature rise. As a result, the total
precipitation increases in outlying continental areas but does not materi-
ally change in the central parts of the continents.

One can see from the map in Fig. 6.8, drawn on the basis of Sinitzyn’s
data, that in 2025 in the present-day tundra zone rainfall would exceed the
present-day amount of precipitation by 500—-600 mm a year. Southward to
the Riga-Tselinograd line there will be an annual increase in rainfall of
approximately 200-400 mm. To the south of this boundary the total
amount of precipitation will change slightly.

Considering the above-stated ideas concerning precipitation variations
and their causes, one might think that the present type of annual rainfall
variations in the greater portion of the territory in question, with a sum-
mer maximum and winter minimum of rain, will be maintained in the fu-
ture as well.

During a period preceding the disappearance of sea ice, a decrease in
the meridional temperature gradient will lead to a reduction of atmo-
spheric circulation stability and severe droughts will occur more often on
the continents in middle latitudes. We had similar variations in the precip-
itation regime during the warming trends of the 1930s and the first half of
the 1970s.
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Fig. 6.8 Differences in annual precipitation totals (in millimeters) in the 2020s and at the
present epoch.

As warming intensifies in all latitudes, the amount of potential evapora-
tion from the land surface will grow under the direct influence of a tem-
perature rise as well as an increase in the radiation balance of the earth’s
surface. The latter results from the CO, concentration rise and a decrease
in the earth’s surface albedo when snow cover disappears.
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Fig. 6.9 Differences in annual potential evaporation (in millimeters) in the 2020s and at the

present epoch.

The value of the radiation balance and the amount of potential evapora-
tion expected in 2025 have been computed for 40 points distributed evenly

over the territory under consideration.

When determining the radiation balance for doubling of the CO, amount
in the atmosphere, it was assumed that the effective longwave radiation
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was 6% lower, according to the results obtained by Manabe and Weth-
erald (1975). The values of the albedo and the absorbed radiation were
found, taking account of the air temperature rise, which leads to an in-
crease in the duration of the growing season and the snow-free period.
Under the influence of the indicated factors, the annual total radiation bal-
ance is 10—-12% greater in the southern and central areas and it increases
by 30-50% and more in the north, in West Siberia, and in North Kazakh-
stan.

The potential evaporation in 2025 was computed on the basis of a heat
balance method (Budyko, 1971) taking account of the temperature rise
and radiation balance assumed for 2025. The air humidity was determined
empirically on the basis of quantities valid for similar landscapes with cor-
responding values of the air temperature and radiation balance.

Figure 6.9 depicts a map of the differences between potential evapora-
tion expected in 2025 and that of the contemporary period. The data pre-
sented in the map show that in 2025 potential evaporation should increase
by 200 mm yr~! in the west-European part of the USSR, by 300 mm yr™!
in the central and northeastern regions, and by 400—-500 mm yr~! in the
southeast of the territory under consideration.

How river runoff will vary under the changed climatic conditions was
found on the basis of precipitation and potential evaporation data for
2025. Figure 6.10 presents differences (in mm yr—!) between river runoff
in 2025 and the present. It is seen that the runoff rises by a factor of 2 to 3
north of 58-60°N. In the central and southern regions the changes in the
runoff are comparatively small and the runoff decreases somewhat in the
Dnieper and the Don basins (Budyko er al., 1978a).

Few other data are available on water regime changes resulting from
man-induced warming. In a study estimating the future water balance
Kellogg (1977, 1978) presents a map referring to the period known as the
Climatic Optimum (roughly 4000 to 8000 yr ago) in which regions wetter
and drier relative to the present are shown. Kellogg suggests that similar
changes might occur in the patterns of precipitation if there is a warming
trend caused by an increase in atmospheric CO,.

For some regions the data on the map agree with our resuits; for others
no agreement can be observed. Discrepancies might result from inaccu-
rate data on past moisture conditions and differences in the climate gen-
esis of the late Tertiary and the Climatic Optimum during the Holocene.

The next subsection presents conclusions about variations in the mois-
ture regime due to anthropogenic warming, which were drawn from calcu-
lations on the basis of a general circulation model (Manabe and Weth-
erald, 1980).

It is evident that, since the future patterns of precipitation and runoff



6.1 Climatic Conditions in the Near Future 243

60

80

75

N

e

~

¢}

)
3()0

200

60 80

Fig. 6.10 Differences in river runoff (in millimeters per year) in the 2020s and at the present
epoch.

are very important for economic activities, it is necessary to carry out de-
tailed studies of forthcoming changes in the constituents of the water bal-
ance on the basis of numerical climate models and the appropriate paleo-
climatic data.
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Reliability of future climate data

It is of vital importance that the available information on the climatic
conditions of the near future be reliable. This can be seen just from the list
of applied problems that cannot be solved without data on future climate.

Considering this subject, we can divide it into two parts, the first of
which deals with calculations of the CO, content of the atmosphere and
the second—with the estimation of CO, impact on climate.

As mentioned above, the next decades will not likely witness radical
changes in the nature of modern energetics, which is now widely based on
fossil fuels. At the same time, a rapidly growing world population calls for
higher rates of food production, which would necessarily result in the ex-
pansion of arable lands by forest clearing, among other ways. This inevi-
tably leads to a decrease in the carbon contained in forests.

The available models of the carbon balance, based on various assump-
tions concerning rates of fossil fuel consumption and carbon exchange in
the biota, yield quite similar results for the prediction of CO, concentra-
tions in the atmosphere in the next few decades. According to all the real-
istic models, the atmospheric CO, concentration will double in a few dec-
ades. The dates for this doubling obtained by the available calculations
are different, but this is of no importance since the major conclusion holds
that CO, will double in less than 100 yr and possibly in no more than
50 yr.

It is possible to change this time span somewhat by planning long-term
energy production on a global scale. In this planning, data on anthropo-
genic climatic change should be taken into account. To acquire these data
is our main task.

It is evident that these data will be of a relative nature and refer to the
realization of definite scenarios of economic progress. However, in the
near future the realization of various scenarios of man-made CO, produc-
tion is hardly possible.

As to the question of the impact of the growing CO, concentration on
climatic conditions, there is an opinion that it can be solved only with an
exact climatic theory. Since at present such a theory does not exist, and
one will not be introduced soon, some scientists think that no reliable in-
formation on the future climate can be obtained for the time being. For
example, this standpoint was expressed in the report of a conference on
the theory of climate held in 1974 (International Study Conference, 1975).

We can hardly share such views. As is known, approximate physical
theories are widely used in many branches of engineering and other ap-
plied sciences since precise theories of corresponding processes are either
absent or unnecessary. To make our point clearer, we give an example
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from hydromechanics that is comparatively closer to the area of the atmo-
spheric sciences. Despite outstanding achievements in the development
of the theory of streamline properties of liquids and gases, approximate
theories yielding quite reliable results are widely applied in designing
ships and aircraft. For substantiating such theories, determining input pa-
rameters, and verifying the results obtained experimental studies are ex-
tensively used.

In our opinion it is quite natural to use a similar approach for climatic
theories because a great deal of empirical data is available in this field and
the data-stock is growing rapidly as experimental techniques for studying
present and past climates improve.

The study of the earth’s surface heat balance carried out by the author
and his co-workers since the 1940s can be an example of a combined ap-
proach solving some problems of physical climatology. Until that time,
neither exact values of the heat balance components nor even their sign
and order of magnitude were generally known. Since the accuracy of all
methods for theoretical and experimental determination of the heat bal-
ance components was limited, in our first works we suggested several in-
dependent methods for determining the heat balance components and the
results were thought reliable if they agreed reasonably well (Budyko,
1946, 1947). That method proved rather effective for the study of the
earth’s surface heat balance. Although numerous new maps of the heat
balance components were constructed in the subsequent studies (Bu-
dyko, 1955, 1963; Budyko ¢t al., 1978a), they usually differed from our
original data by no more than 10-20%. So the results of the first heat bal-
ance studies seem to be reasonably reliable.

We would like to emphasize that later maps of the earth’s surface heat
balance components based on detailed climatic theory (Holloway and
Manabe, 1971) proved to be similar to those based on the earlier semiem-
pirical methods.

Whereas the heat balance study was of limited practical importance and
more or less rapid collection of data on the heat balance constituents did
not greatly affect economic activities, delay in obtaining reliable informa-
tion concerning the future climate, which may be subjected to rapid
changes, could have drastic economic consequences. Therefore, we
should apply the methods of the modern science of climate to their fullest
extent to learn about the possibilities of climatic change.

The basic problem in this field is the determination of the sensitivity of
modern climate to fluctuations in the heat income. The data presented in
Chapter 3 show that remarkable success has been achieved in the study of
this problem. For instance, the most detailed investigations based on dif-
ferent methods have yielded similar results for the difference in the mean
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air temperature near the earth’s surface for a 1% change in the solar con-
stant. For the CO, impact on the thermal regime we have again quite rea-
sonable agreement between the estimates obtained by different methods.
At present most scientists believe that a doubling of the CO, concentra-
tion raises the temperature by about 3°. The possible error of that estimate
has been argued more than once.

Since similar estimates of this parameter can also be obtained from dif-
ferent empirical data, we think that the probable error does not exceed 20
to 30%. This accuracy is sufficient for practical purposes.

In addition to the mean air temperature variations near the earth’s sur-
face we can determine quite accurately the mean latitudinal temperature
change for a doubling of the CO, concentration. Different theoretical and
empirical methods provide results for this change that agree closely. In
order to know how the moisture regime will change with the growth of the
atmospheric CO, concentration, it is essential to compare the above data
based on paleoclimatic evidence with recent results by Manabe and Weth-
erald (1980) who estimated the climatic change for a twofold and fourfold
increase in CO, using the general circulation model. An important feature
of their work is that it deals with climatic conditions over land and ocean
separately, although the topographies of land and ocean were highly sche-
matic.

The estimate of the sensitivity of the mean hemispheric air temperature
to variations in CO, practically coincides with the previous conclusion of
the same authors (Manabe and Wetherald, 1975). The mean latitudinal
distribution of air temperature change near the earth’s surface due to dou-
bling of the CO, concentration is also quite similar to their earlier esti-
mate. Manabe and Wetherald confirmed once more that cloudiness varia-
tions due to CO, increase have little effect on the thermal regime.

They have also established that doubling and guadrupling of the CO,
concentration are responsible for a noticeable increase in continental pre-
cipitation in the latitudinal belt above 50°N. In the same latitudinal belt,
runoff and soil moisture are also increased. The precipitation and runoff,
as well as the soil moisture, decrease over a zone centered around 45°N
but in the lower latitudes they again increase. Although these conclusions
hold true under average latitudinal conditions on a continent whose out-
lines are highly idealized, they agree reasonably well with the empirical
results obtained for the USSR territory as presented in Figs. 6.8 and 6.10.
These figures show that in the western part of the Soviet Union doubling
of the CO, in the atmosphere is responsible for enhancing precipitation
and runoff mainly north of 50°N.

Since the data of the maps for more southern latitudes cover a very lim-
ited area it is difficult to verify the conclusion that moisture conditions
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become worse in the belt around 45°N. But the area around 50°N where
the runoff rate is reduced is clearly marked on the map. From Figs. 6.8
and 6.9 it can be seen that soil moisture in the southern regions of the ter-
ritory in question is reduced since the increased potential evaporation
considerably exceeds the enhanced precipitation. This conclusion agrees
with that of Manabe and Wetherald.

In view of the reasonable agreement among qualitative results related
to the change of moisture conditions in response to CO, increase in the
atmosphere, we think that these conclusions are true, since they are
based on entirely different methods.

In order to verify these estimates quantitatively we need calculated
data based on climatic theory for a realistic topography, which can proba-
bly be obtained in the near future.

Concerning the effect of climatic warming on polar ice, we should em-
phasize the above-mentioned possibility of concluding that permanent
polar sea ice might disappear in response to a doubling of the CO, con-
tent. This conclusion can be reached from data on the mean latitudinal
temperature change by three independent methods.

We can judge the efficiency of the semiempirical climatic model used
for the prediction of the future thermal regime by its successful applica-
tion to the quantitative estimation of the most significant natural climatic
changes that occurred in the last hundred million years, including the
Cenozoic cooling, the Quaternary Ice Ages, and contemporary fluctua-
tions in the thermal regime.

The reliability of conclusions based on the calculations of future cli-
matic conditions according to the applied climatic model is further proved
by the agreement between the results concerning past climatic change and
the empirical data.

Finally, we think it is possible to recognize that an anthropogenic
warming is very likely to develop within the next few decades, a warming
whose scale could be compared to climatic changes occurring millions of
years ago. At present only the general features of the forthcoming change
are known and the accuracy of the available information concerning vari-
ous elements of the future climatic conditions is uneven.

The question of the sensible practical use of information on the future
climate is quite complicated.

Our paper containing the first prediction of the forthcoming climatic
change (Budyko, 1972a) stated that it was still early enough to use it for
planning economic activities but the results obtained required reliable in-
formation on future climatic conditions, which should be on hand before
the end of a decade. By the time the book appeared, this period had ex-
pired and the urgency for clarifying the prospects for climatic change had



248 6. The Climate of the Future

become evident. At the same time it is clear that for successful long-term
economic planning we must have precise and detailed information on the
future climate, which is unavailable at present.

We are of the opinion that, faced with this situation, we must make
practical use of the available information on future climatic change. Oth-
erwise our long-term planning will be based on the concept that present
climatic conditions will not vary in the future, a concept that is not shared
now by most of the world’s leading climatologists. We can easily under-
stand that, since drastic climatic change should occur in the future, the
above view can lead to unfavorable consequences for economic planning.

The only alternative, in our opinion, is the development of an optimum
strategy for use of the available data on the future climate in planning,
allowing for their limited accuracy and detail.

In some cases this strategy can be based on the information corre-
sponding to several of the most probable versions of future climatic
change. For more important tasks the choice of optimum solutions for
planning must rest on specific numerical models of climatic impact on ec-
onomic activity that enable us to take into account the accuracy of the
climatic data used.

Considering the vital importance of recommedations relating to future
climatic conditions, we think it is expedient to charge special national and
international organizations with the carrying out of these recommenda-
tions.

6.2 THE NEAR FUTURE OF THE BIOSPHERE
Variations in geographical zonality

It follows from the first section of this chapter that the impact of human
economic activities on climate will result in the near future in a major
warming trend embracing the entire giobe.

It is important to recognize that this change in climate will correspond
to the restoration of climatic conditions typical of the remote past,
namely, of the Tertiary period. To show this situation, Fig. 6.11a depicts
variations in CO, concentration in the Cenozoic era, before the modern
epoch. Part (b) of the figure shows the CO, concentration since 1900 on a
larger time scale. The upper and lower curves correspond to the results of
Keeling and Bacastow based on the extreme alternatives of the future de-
velopment of energy production (Keeling and Bacastow, 1977).

Comparing both sides of the figure, we can easily see that after a rela-
tively slow rise in the 20th century, the CO, concentration goes up sharply
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Fig. 6.11 Carbon dioxide concentration change (a) during the Tertiary and (b) at the pres-
ent epoch.

in the 21st century, reaching the level of the Tertiary. This rapid restora-
tion of the ancient atmosphere is accounted for by the fact that the re-
sources of coal, oil, and natural gas that accumulated over millions of
years are now being burned within a decade in the course of man’s eco-
nomic activities.

Figure 6.12 presents calculated variations in the mean air temperature
near the earth’s surface (a) for the Neogene and (b) for the 20th and 21st
centuries. The values of AT correspond to differences between tempera-
ture means for different years and that at the beginning of the 20th cen-
tury. The Neogene data are based on both paleoclimatic information and
climatic model calculations and the results obtained proved to be in good
agreement. Two methods are also used to calculate AT for the late 20th
and 21st centuries. Model calculations and those based on the empirical
relationship between AT and CO, concentration yielded similar results. It
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Fig. 6.12 Air temperature change at the earth’s surface (a) during the Neogene and (b) at
the present epoch.
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can be seen from the figure that at the end of the first quarter of the 21st
century the mean air temperature near the earth’s surface will reach the
level of the Pliocene and will continue to rise.

Model calculations and paleoclimatic data show that there are great dif-
ferences in the mean temperature increases due to the growth of CO, con-
centration at various latitudes. At high latitudes the temperature rise is
considerably higher than in low latitudinal belts. Therefore, with an
anthropogenic climate change, the natural conditions will be modified
more drastically in high latitudes and to a lesser extent in middle latitudes.

One of the most important consequences of the anthropogenic climate
change will be a shift in the geographical zones due to climatic factors.

The relationship between the geographical zones of the USSR and the
climatic conditions has been studied by Grigorjev and Budyko (1959),
who introduced a classification of the climates of the Soviet Union
worked out on the basis of the above relationship.

In the development of this classification, data on the sums of tempera-
tures at the earth’s surface, which are connected with the radiation bal-
ance, were used to define thermal conditions. In the calculation of the
dryness index (equal to potential evaporation/total annual precipitation),
which describes the moisture conditions, potential evaporation was deter-
mined by the heat balance method (Budyko, 1971).

A comparison has shown that the boundaries of geobotanic zones agree
well with the distribution of climatic characteristics used in the classifica-
tion. The region where the mean air temperature throughout the year re-
mains below 10°C appears to correspond to that of the Arctic deserts. The
isoline for the sum of surface air temperatures equal to 1000°C approaches
the southern border of the tundra zone, the forest-tundra included. This
same natural border proved to be close to the isoline for a dryness index
equal to 0.45. The region where the dryness index is lower than 0.45 but
the temperature sums are greater than 1000°C corresponds to the position
of high-mountain alpine meadows. The isolines for a dryness index equal
to 1 closely approach the border between forest and steppe zones. Within
the forest zone the area with temperature sums under 2200°C is occupied
by coniferous forest (taiga); from 2200°C to 4400°C by mixed and broad-
leaf middle latitude forest; over 4400°C by forests with some subtropical
vegetation.

A dryness index of 1 to 3 corresponds to vegetation zones of insuffi-
cient moisture conditions, mainly steppe and forest-steppe. Under such
conditions, at temperature sums above 4400°C, the steppe of the middle
latitudes turns into a steppe where species of subtropical vegetation are

present.
A dryness index greater than 3 corresponds to desert conditions where,
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Table 6.4
Moisture Conditions

Index of dryness
(potential evaporation

Moisture conditions to precipitation ratio) Geographic conditions
1. Very moist <0.45 Arctic desert, tundra, forest-tundra,
alpine meadows
2. Moist 0.45-1.00 Forest
3. Insufficiently moist 1.00-3.00 Forest-steppe, steppe, xerophytic
subtropical vegetation
4. Dry >3.0 Desert

at relatively low temperature sums (< 2200°C), mountain deserts are ob-
served. In the zone of northern lowland deserts, at lower temperature
sums (up to ~4400°C), conditions of Artemisia and saltbush deserts pre-
vail; at greater sums, those of saxaul, shrub and ephemeral deserts.

In designing a system of climatic regionalization we have used grada-
tions of the basic climatic indices based on the above regularities (see
Tables 6.4 and 6.5).

A general schematic classification of the climates of the USSR is given
in Table 6.6. It is seen from the table that twelve types of basic climatic
regions corresponding to various geographical zones are characteristic of
the Soviet Union.

The spatial locations of climatic zones and regions are shown as a map
of USSR climatic regionalization in Budyko (1971). This map shows that

Table 6.5
Thermal Conditions of the Warm Period

Sums of surface temperatures
for the period with the air

Thermal conditions temperature exceeding 10°C Geographic conditions
1. Very cold Air temperature <10°C Arctic desert
throughout the year
2. Cold 0-1000°C Tundra and forest-tundra
3. Moderately warm 1000-2200°C Coniferous forest, alpine

meadows, mountain steppe,
and Siberian steppe

4. Warm 2200-4400°C Mixed and broad-leaf forest,
forest-steppe, steppe,
northern desert

5. Very warm >4400°C Subtropical vegetation, desert




252 6. The Climate of the Future

Table 6.6
Climatic Factors of Geographical Zonality
Thermal Moisture conditions (index of dryness)
conditions of
warm period 1. Very moist, 3. Insufficiently
(sum of surface fess than 2. Moist, moist, 4. Dry,
temperatures) 0.45 0.45-1.00 1.00-3.00 over 3.00
1. Very cold, 1.1 Arctic
air tempera- desert
ture less
than 10° all
year round
2. Cold, 1.2 Tundra
0-1000° and forest-
tundra
3. Moderately 1.3 Alpine 2.3 Coniferous 3.3 Mountain 4.3 Mountain
warm, meadows forest steppe and desert
1000-2200° Siberian
steppe
4. Warm, 2.4 Mixed and 3.4 Steppe 4.4 Northern
2200-4400° broad-leaf and forest- desert
forest steppe
S. Very warm, 2.5 Subtropical 3.5 Xerophytic 4.5 Desert
over 4400° forest subtropical
vegetation

the zones of excessively moist climate with a very cold summer (1.1), cor-
responding to the Arctic deserts, are situated on islands in the Arctic
Ocean and in the northern mountainous part of the Taimyr Peninsula.
Glaciers occupy a considerable portion of this zone. Almost all year
round the glacier-free area is covered by snow and its soil mantle is unde-
veloped (Arctic soils). Very scanty vegetation such as lichen and moss
does not cover the ice-free area completely but occupies generally less
than half of the total surface. Evaporation there is rather small due to low
temperatures and high humidity and in some periods is replaced by con-
densation. Precipitation is mainly disposed of as runoff.

The zone of excessively moist climate with a cold summer (1.2) almost
coincides with the tundra and forest-tundra covering the northern and
northeastern coast of the USSR and some interior continental regions in
the northeast (mountain tundra). The tundra soils typical of this zone
usually contain little organic matter and are characterized by low activity
of biological processes. The tundra vegetation which grows within a rela-
tively brief period when snow cover is absent, consists of moss and lichen
as well as shrubs and dwarf trees in the southern part of the zone. We do
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not know exactly the amount of annual evaporation in the tundra zone,
but evidently this process consumes a minor fraction of the precipitation,
probably on the average no more than 30%. Therefore, the runoff coeffi-
cient is comparatively high there.

The third climatic zone of excessive moisture conditions, with a moder-
ately warm summer (1.3), corresponds to the regions of alpine meadows.
Such conditions are observed in some mountain regions in the Soviet
Union. This area exhibits a great variety of vegetation species growing in
subalpine and alpine meadows on mountain-meadow soils. The precipita-
tion ensures an abundant runoff and a high runoff coefficient.

It is typical of the landscapes of climatic zones with surplus moisture
that forest vegetation is absent. We should mention that forests are absent
not only because of lack of heat, but also because of moisture conditions
that are unfavorable for forest vegetation. In these zones, precipitation is
significantly greater than potential evaporation, ensuring a high water
content in the soil all year round. For this reason, the oxygen content of
the soil is too scanty to permit the growth of normal tree roots.

The shift of the southern border of tundra to higher latitudes where the
climate is less humid can be a fine example of the impact of moisture on
the distribution of forest vegetation. This regularity can also clearly ex-
plain the absence of forests in regions of alpine meadows where the tem-
perature sums are quite sufficient for the development of forest vegeta-
tion.

The next group of climatic zones with a moist climate (2) comprises
three zones, as does the previous group.

Conditions of a moist climate with a moderately warm summer (2.3) are
typical of a vast area of coniferous forest covering the north of the Euro-
pean USSR (except for the northern coastal regions) and most of the
Asian territory of the Soviet Union. In this zone podzolic soils are well
developed and coniferous forests consisting of evergreen and deciduous
trees grow. The deciduous cone-bearing (larch) forests cover mainly the
areas with the most severe winters. Although mean precipitation in the
territory of coniferous forest may vary over a wide range, a significant
water content in the soil and a rather high runoff coefficient are neverthe-
less observed all over the zone. That is why the coniferous forest zone is
the place where many large rivers are formed.

The climatic zone with a moist climate and a warm summer (2.4) is situ-
ated in the middle of the European USSR and in the southern part of the
Priamurje and Primorje territories. In this region mixed and broadleaf for-
est with many species of vegetation grow on turf-podzol and grey-forest
soils.

A relatively small portion of the USSR territory is occupied by a belt of
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moist climate with a very warm summer (2.5), which embraces western
Transcaucasus and the south of eastern Transcaucasus. Yellow and red
soils are typical of this region. The broad-leaved forest there is to a great
extent of a subtropical nature. Abundant precipitation, greatly exceeding
possible evaporation, produces a comparatively high water content in the
soil and ensures a high rate of runoff.

Forest vegetation is characteristic of climatic zones with a moist cli-
mate. The basic factor in favor of the dominance of forest landscapes in
these areas is a high soil moisture content during the warm season, which
at the same time does not exceed the limit beyond which a deficit of soil
air prevents the development of the root systems of trees.

We should mention here that forest vegetation can exist only when
there is significant transpiration, since turbulent diffusion is far more in-
tensive at the level of the tree crowns than near the earth’s surface. The
enhanced turbulent exchange and the large total area of the leaves ensure
a relatively high level of assimilation, allowing large nonproductive
organs (trunks and branches) to develop. When soils are insufficiently
moist and the transpiration necessary for trees is reduced, forest vegeta-
tion is replaced by steppe species that are more adaptable to soil moisture
deficiency.

The insufficient moisture belt with a moderately warm summer (3.3)
corresponds to the climatic conditions of some mountainous regions of
central Asia and the south of central Siberia. This belt also includes a vast
territory in the middle reaches of the Lena River and the lower reaches of
the Vilyui River. The mountains of central Asia exhibit mountain steppe
and sparse highland vegetation. Turfy-grassy and tansy steppes are typi-
cal of southern Siberia. In southern Siberia a part of this climatic belt is
occupied by pine forests that are known to be of an intrazonal nature.
Vegetation covering the area along the middle reaches of the Lena River
is quite rich and characterized by coniferous forests in combination with
forest-steppe plants.

The major portion of the insufficient moisture belt with a warm summer
(3.4) occuptes the south of the European USSR and western Siberia. A
similar climate is also observed in some mountainous regions of the Cau-
casus and central Asia with diverse steppe and forest-steppe vegetation.

The insufficient moisture zone with a very warm summer (3.5) com-
prises relatively small southern coastal areas of the Crimea and the cen-
tral Transcaucasus, a part of the eastern coast of the Caucasus, and the
foothills of central Asia. In this zone, subtropical steppe, xerophytic for-
est, and other types of xerophytic vegetation are distributed.

All the zones of insufficient moisture conditions are characterized by a
relatively small runoff coefficient, which generally is no more than 0.10—
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0.20. Since the total annual precipitation is less than the potential evapo-
ration, most of the precipitation is used up by evaporation.

Climatic zones with an arid climate occupy the greater portion of cen-
tral Asia and eastern Transcaucasus.

The arid climate zone with a moderately warm summer (4.3) is situated
in the Pamirs and corresponds to the conditions of highland deserts.

The arid climate belt with a warm summer (4.4) embraces semideserts
and deserts where Artemisia and solonchak vegetation dominate.

Dry climate with a very warm summer (4.5) mainly covers desert re-
gions with saxaul, shrub, and ephemeral vegetation. Light-chestnut,
brown-desert-steppe, grey-brown desert soils, grey earths, takyr, and
other soils typical of arid conditions are present in all these zones. The
poor precipitation there is almost entirely used by evaporation; runoff
usually approaches zero.

In climatic zones with insufficient moisture conditions and in zones of
arid climate, the development of vegetation depends greatly on the soil
moisture content. The reduction of soil moisture with an increase in cli-
mate aridity is accompanied by a decrease in the possible transpiration
from a unit area. The nature of the vegetation cover also changes. It in-
cludes in the main different xerophytes and is no more dense.

Thus the main climatic zones are in accordance with general geographic
zonality and particularly with geobotanic zonality.

Relying on the data presented in Table 6.6, we can conclude that during
the warming trend associated with an increase in the temperature sums
the geographical zones of surplus moisture and humid climate will shift to
higher latitudes. The problem of the arid zones during a warming trend is
more complicated since a change in their location depends essentially on
fluctuations in the potential evaporation-precipitation ratio.

The above-stated data on possible changes in climate at the beginning
of the next century show that the rates of precipitation and potential evap-
oration will increase over the greater part of the USSR territory and there-
fore their ratio will not change much. One might think that for this reason
the position of geographical zones in the belt of insufficient moisture con-
ditions will not change considerably. The boundaries of humid climatic
zones will shift to a far greater degree.

Considering the possible variations in the air temperature sums during a
warming trend and the dependence of the geographical zone location on
the air temperature sums over the growing season, one can calculate the
change in the zone location in response to climatic fluctuations.

The results of our calculation for the latitudinal belt 40-70°N are pre-
sented in Fig. 6.13: Part (a) shows the change in the average latitudinal
boundary of the geographical zones in the Northern Hemisphere during
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Fig. 6.13 Change in the mean latitude boundaries of geographical zones (a) in the Neogene
and (b) at the present epoch.

the Neogene; part (b) depicts the same factor for the 20th and 21st cen-
turies. It can be seen that at the end of the Tertiary the geographic zones
of a humid climate moved southward, first at a slow rate and then more
and more quickly.

This conclusion is confirmed by paleogeographic data that show that
the natural conditions of the Neogene differed sharply from present con-
ditions.

During the Miocene the central parts of western Europe were occupied
by forests of evergreen plants including palms. In the north of Europe,
Spitsbergen included, there were rich coniferous and deciduous forests
comprising birch trees, beeches, oaks, pines, fir trees, and other plants. In
the present steppe zone of southeastern Europe beech and oak groves ex-
panded, including also some evergreen trees. Later, savanna vegetation
developed here. Coniferous and deciduous forest covered the northern
part of Asia.

In the Pliocene the major geobotanic zones shifted southward, though
at that time they occupied higher latitudes than during the present epoch
(Sinitsyn, 1965).

Figure 6.13b shows that the geographical zones would shift by 15° to
higher latitudes before the end of the first quarter of the 21st century.

As mentioned above, the geographic zones in regions of insufficient hu-
midity change their location to a far lesser degree, since the growth of po-
tential evaporation due to the warming trend will be compensated for by
an increase in precipitation. But even in this case the geographic zonality
of the 21st century will differ greatly from that of the last centuries.

It must be mentioned that a change in the components of the natural
environment cannot immediately follow a rapid climatic change. The
change in the surface water regime will follow the climatic change closely.
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Changes in vegetation cover, and especially in the soil, will be consider-
ably slower.

Obviously all the components of the geographic environment can adapt
only partialy to new climatic conditions within such a short period as a
few decades. At the same time we should not underestimate the flexibity
of many of these components to respond quickly to global climatic
change. For instance, Grigorjev (1956) pointed out that during the rela-
tively short-term warming of the 1920—1930s the northern margins of for-
ests in some forest-tundra regions moved further into the higher latitudes.

It is obvious that the problem of changes in the position of geographic
zones with a possible rapid change in climate calls for a more detailed
treatment.

Productivity of vegetation cover

As mentioned above, the productivity of autotrophic vegetation cover
is of great importance in the evaluation of the energy resources that sup-
port almost the whole mass of organic matter in living things of the bio-
sphere.

Laboratory experiments and field research show that with sufficient
moisture and other favorable conditions the productivity of autotrophic
plants essentially depends on the atmospheric CO, concentration, which
can range up to several times the present-day value. A quantitative esti-
mate of the effects of CO, on the productivity can be obtained by means
of numerical models of photosynthesis in the vegetation layer.

Many laboratory investigations (for example, Rabinovich, 1951) treated
the dependence of the photosynthetic rate on the CO, concentration.
They have established that, if the CO, content is not high, the photosyn-
thetic rate increases almost linearly with the CO, growth. Then it slows
down and stops increasing (the state of saturation) at a definite CO, con-
centration. With high concentrations of CO, the photosynthetic rate de-
creases and, after the CO, concentration reaches a certain level, photo-
synthesis can stop entirely.

The CO, concentration at which the state of saturation is reached can
vary widely both for different plants and for the same plant under differ-
ent environmental conditions.

Laboratory research shows that if light is intense enough and if suffi-
cient heat, water, and necessary mineral substances are supplied, photo-
synthesis in many plants reaches a maximum value at a CO, concentra-
tion of several tenths of a percent. The application of carbonaceous
fertilizers, which leads to an increase in the CO, concentration in the air
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of greenhouses, is based on this observation. Experimental data show
that under such conditions it is possible to increase the yield by 50-100%
or even more.

Under natural conditions the productivity of vegetation cover may be
more dependent on atmospheric CO, concentration than would be ex-
pected from laboratory results obtained for individual leaves or isolated
plants. This is explained by a considerably reduced CO, concentration in
the vegetation layer under intensive photosynthesis as compared to the
CO, concentration in the free atmosphere. The CO, concentration in the
vegetation can approach the level of a ‘‘compensating point™ in some
parts of the vegetation layer when the photosynthetic rate is close to the
rate of organic matter consumption for respiration and the productivity is
Zero.

For elucidating the vegetation productivity dependence on CO, concen-
tration under natural conditions it is important to use numerical models of
photosynthesis in the vegetation layer that take into account CO, varia-
tions with altitude. The models developed in a number of studies (Bu-
dyko, 1964; Budyko and Gandin, 1964, 1965, 1966) are based on the fol-
lowing concepts.

The dependence of the photosynthetic rate A for an individual leaf of a
plant on photosynthetically active radiation Q and CO, concentration ¢
can be written in the form

A= I—-FLQ-_ , 6.1)
(BQ/7c)
where 8 and 7 are empirical parameters.
The vertical flux of CO, in the vegetation layer at a level z is

A, = pk dc/dz, (6.2)

where p is the air density and & the turbulent exchange coefficient.
The change of this flux in the layer dz caused by assimilation of CO, by
leaves is

B BOs dz
=TT (8OO 6.3)

where s is the surface of the leaves in a unit volume.
The change of the flux A, resulting from respiration of the leaves can be
given in the form

dA, = —es dz, (6.4)

where € is an empirical coefficient.
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The general change in the flux of CO, is represented by the relation
dA, = —dA, + dA,. (6.5)
From these formulas we can obtain a differential equation

d de\ _ BsQ _
& (&) =~ T Gora = ©©

where the function Q(z) should be found from empirical data.
The boundary conditions for the last equation are

(pk de/d2)|sey = —Ao, 6.7)
(pk dC/dZ)fz=H = pDH(Coo - CH)a (6~8)

where A, is the CO, flux from the soil; ¢, the atmospheric CO, concentra-
tion at the z, level, where it has little dependence on the properties of
vegetation cover; ¢y the CO, concentration at vegetation cover level H,
and Dy an integral coefficient of turbulent diffusion in the air layer be-
tween H and z,.

From the equation we can find A4, i.¢., the vertical CO, flux at the level
H. Then the total assimilation A is determined by the formula

H
A=Az +A, + f es dz. (6.9)
4]
Application of the above-stated method enables us to investigate the regu-
larities of photosynthesis in the layer of vegetation cover, which is of spe-
cial importance in elucidating the problem we treat, that is, the depen-
dence of photosynthesis on the CO, concentration in the free atmosphere.
As a result of the study carried out by Menzhulin, the greatest photo-
synthetic rate (i.e., saturation) for wheat occurs at concentrations of CO,
somewhat above 0.2%. With a comparatively small increase in CO, con-
centration the relative increase of the photosynthetic rate will make up
about half of the corresponding relative CO, increase.

It should be borne in mind that this conclusion refers to vegetation
cover under conditions of sufficient light, heat, moisture, and mineral nu-
trition. Under less favorable conditions the dependence of photosynthesis
on the CO, increase is weaker.

Of great interest is the estimation of this regularity for the entire bio-
sphere at present-day rates of CO, growth. For some reason it is difficult
to evaluate this regularity. Keeling and Bacastow (1977) think that, with
small variations in the CO, concentration, the relative increase in produc-
tivity is 0.27 of the relative change in CO, concentration. Since most of
the natural vegetation cover exists under conditions that are far from
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entirely favorable, their estimate does not contradict the result obtained by
Menzhulin.

It must be mentioned that the conclusion of the Dahlem Workshop on
the consequences of fossil fuel combustion (Lerman ez al., 1977) contains
an evident error concerning the effects of anthropogenic CO, on photo-
synthesis. It suggests that the additional photosynthesis can consume
only a portion of the annual CO, income produced by man’s economic
activity. Since that income is small compared to the photosynthetic com-
sumption of CO,, the authors have concluded that the relevant photo-
synthetic increase will be also insignificant.

Actually photosynthesis does not directly depend on the rate of CO, re-
lease in the atmosphere but is determined only by the level of CO, con-
centration. If, for example, this level increases by 10% due to economic
activities, the latter magnitude (not the anthropogenic CO, release into
the atmosphere) is the upper limit of the relative photosynthesis growth
under the influence of CO, increase.

Thus, other things being equal, an increase in the CO, concentration in
the atmosphere is responsible for both an enhanced productivity of natu-
ral vegetation and higher grain yields. The productivity seemed to in-
crease more in the second case than in the first.

Taking the above estimate of Menzhulin as the first approximation and
assuming that the CO, concentration has increased by 10% since the end
of the 19th century, it is possible that the latter change is responsible for
the increase in wheat yield (and probably that of other crops) of about 5%.
The actual increase in the average wheat yield over the indicated period of
time was far greater than this value, but it is impossible to verify our esti-
mate by data on changes in yields because of the stronger impact on yields
of progress in agrotechnics and of some other factors. Nevertheless, the
CO, effects mentioned here can be of essential importance in the econ-
omy.

We should emphasize that in some regions an increase in CO, concen-
tration favorable for plant productivity could be more or less compen-
sated for by a worsening of climatic conditions. As mentioned in the pre-
vious section, during a warming trend, average precipitation sums
decrease and droughts are more frequent over part of the continental
areas in the middle latitudes of the Northern Hemisphere. It is rather diffi-
cult to estimate quantitatively the effects of such climatic change on aver-
age yields. Undoubtedly, over areas subjected to a severe drought, the
adverse weather would affect crop yield more than the CO, increase,
whose effect in this case is less significant. However, if we assume that as
a result of climatic change droughts that decrease the crop yield by 15%
will occur 10-30% more often and that during years of sufficient precipi-
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tation the yield will be about 10% higher due to the increase in CO,, the
rise in the total crop yields for approximately a decade could appreciably
outweigh the damage caused by droughts.

Figure 6.14 shows the dependence of wheat productivity on CO, con-
centration and precipitation. The results are based on Menzhulin’s (1976)
model, constructed for the average climatic conditions of wheat cultiva-
tion in the USSR. The graph shows that the productivity grows propor-
tionally to both the CO, concentration and the amount of precipitation. A
10% increase in CO, or precipitation leads in either case to an increase in
the productivity of 4—5%.

Since a similar dependence should also reveal itself in the case of natu-
ral vegetation under conditions of sufficient humidity, we think that the
change in the total productivity of autotrophic plants is in accordance
with the relevant changes in the atmospheric CO,. Variations in the ther-
mal regime of the earth’s surface that are associated with fluctuations in
CO, add to the productivity change.

If all other conditions remain the same, an increase in the temperature
of plants often leads to a decrease in the productivity due to an increase of
organic matter expenditure for respiration. But a global warming trend con-
tributes to an increase in the total productivity of continental vegetation,
due mainly to expansion of the areas occupied by more productive plants.

We might suppose that the global productivity of vegetation with an in-
crease in atmospheric CO, concentration must become higher since it is
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Fig. 6.14 Dependence of wheat productivity on CO, concentration and the amount of pre-
cipitation.
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Fig. 6.15 Change in plant productivity (a) during the Neogene and (b) at the present epoch.

directly affected by CO, variations, by an increase in the total precipita-
tion over some part of the continents, and by an expansion of the more
productive zones to higher latitudes. It is very difficult to take all these
factors into consideration. Some rough estimates concerning these rela-
tionships, obtained by Efimova, are presented in Fig. 6.15. Part (a) shows
the variation in the total productivity of continental vegetation in the late
Neogene. Part (b) depicts a possible change in future productivity with
continuation of global warming. It is quite possible that the 50% increase
in total productivity that is shown in the figure will not actually occur in a
few decades, since the productivity of the natural vegetation could not
reach the maximum corresponding to the rapidly changing environment in
such a short period of time.

However, we expect that the average productivity of both natural vege-
tation and arable lands will increase considerably as the CO, concentra-
tion goes up.

Practical problems

Chapter 2 contains data showing that over the last hundred million
years the CO, concentration in the atmosphere tended to decrease. As a
result, the climate became cooler and polar glaciations appeared, repeat-
edly spreading to the middle latitudes in the Quaternary.

The decrease in CO, led to a reduced rate of photosynthesis in autotro-
phic plants, which lessened the total mass of organic matter in the bio-
sphere.

A further decrease in CO, concentration could threaten life on the earth
and destroy the biosphere within a relatively short time, from the geologi-
cal standpoint.

By using the coal and oil reserves accumulated for hundreds of millions
of years, man is rapidly restoring the chemical composition of the ancient
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atmosphere. It follows from the above estimate that it will take only a few
decades to reach the level of CO, that corresponds to the late Tertiary
period, i.e., several million years ago.

The process going on now can be considered as ‘‘rejuvenation’ of the
biosphere, i.e., the restoration of natural conditions with a warm climate
at all latitudes, without polar ice cover, and with high productivity of au-
totrophic plants, which can sustain a far greater mass of heterotrophic liv-
ing organisms as compared to the modern epoch.

This change in natural conditions could be especially favorable for
countries in zones with a cold continental climate where the development
of agriculture and many other branches of economic activity are difficult.

If a return to the climatic conditions of the Tertiary occurred rather
slowly, this process could be favorable for mankind. But the enormous
rate of this process creates a number of problems whose solutions cannot
be so easy.

An opinion has been repeatedly expressed that any sudden change in
climatic conditions embracing vast areas leads to severe economic conse-
quences involving large investments in reorganization of all the branches
of economic activity dependent on climate. At the same time, inadvertent
climatic change over extensive territories evidently would not be helpful
for man’s economic activities in all cases, since in some regions such
change would more or less hamper these activities.

The impact of the warming trend on agricultural productivity will evi-
dently be of most practical importance. As mentioned above, this impact
will differ in various climatic zones. The warming trend will raise the pro-
ductivity of crops in regions with a comparatively cold and humid climate
where a longer growing season and increased temperature sums over this
season could result in a considerably higher crop yield. At the same time,
during certain periods of the warming trend, precipitation could decrease
in a number of regions with unstable moisture conditions. This would
have an adverse effect on productivity. Since in any case the CO, growth
will contribute to the yield increase, it might be thought that the general
impact of the warming trend on productivity will be positive on a global
scale.

One of the most important results of the expected climatic change is
associated with the river runoff rate, since fresh water resources even
now in a number of regions do not satisfy existing demands. It follows
from the previous section that by the end of the 20th century moisture
conditions could worsen in some territories, but somewhat later, during
the Arctic warming, river runoff will increase considerably. This increase
in water resources will occur, however, in zones of sufficiently humid cli-
mate.
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Among other important practical problems associated with the warming
effects we should mention the melting of the surface layers of permafrost
soils which cover almost half of the USSR territory. Some difficulties
could arise there concerning the preservation of buildings in these re-
gions. The possibility of a contraction of interior continental glaciers,
some of which are essential for the water regime of arid regions, could
also be of great importance.

Grosswald and Kotlyakov (1978) have treated the question of the im-
pact of global warming on glaciers and have concluded that all the Arctic
glaciers, except those of Greenland, could disappear rather quickly. They
also think that the mountain glaciers in middle latitudes will response
more slowly to the warming.

Possible changes in the world ocean level associated with the glaciation
regime are also noteworthy.

As we know, over the last hundreds of thousands of years the world
ocean level repeatedly rose or descended according to the development of
land glaciers. During the greatest Quaternary glaciations the ocean level
decreased by over 100 m compared to its present-day position since a
considerable amount of water vapor transferred from the ocean to the
continents was used in the formation of ice cover. During warm intergla-
cial epochs the ocean level was up to several tens of meters higher than at
present. The complete melting of the present glaciers could cause a 66-m
rise in the ocean level. It must be mentioned that the Antarctic glaciers
and the Greenland ice sheets comprise almost the whole water mass of
present-day glaciers. (The melting of the former would increase the ocean
level by 59 m; that of the latter by 7 m). The 66-m ocean level rise would
result in an ~ 3% reduction in total land area. The magnitude of this area
seems to be comparatively small but the land involved includes a number
of areas where the largest cities of the world are situated.

Possible consequences of the partial melting of present-day glaciers,
which would lead to an ocean level rise of a few meters, are very impor-
tant. We can conclude that such a rise would be disastrous for nations
situated in lowlands, such as the Netherlands, and for some large coastal
cities. It should be borne in mind that even coastal towns that are situated
several meters above see level would also suffer greatly, for their port fa-
cilities would be flooded. Therefore, even a relatively insignificant rise in
the ocean level will present global problems.

The question of the fate of the Antarctic and Greenland glaciers during
the warming trend has been discussed only recently.

The first work in this field was presented by Mercer (1978), who con-
cluded that the western part of the Antarctic glacier will melt compara-
tively soon (perhaps even in 50 yr) as a result of the forthcoming warming
trend. After this event the ocean level will rise by ~5 m.
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This possibility arises from the specific nature of the western Antarctic
glacier, which rests on the sea bottom and not on land, as does the eastern
part. Such glaciers are very sensitive to fluctuations in sea water tempera-
ture and can easily succumb to a temperature rise. Grosswald and Kotlya-
kov (1978) have made a conclusion similar to Mercer’s on the basis of a
more detailed treatment of the problem. According to Thomas, Sand-
erson, and Rous, the destruction of this glacier as a result of the warming
trend could take a few hundred years. At the same time they do not ex-
clude the possibility of a faster development of this process (Thomas er
al., 1979). The necessity for a detailed treatment of this vital issue is quite
obvious.

One of the most acute problems that will arise with a rapid climatic
change is associated with the task of preserving many species of wild ani-
mals and plants. The destruction of specific ecological systems will threaten
their existence. The question of the preservation of food fish reserves,
which are sometimes very sensitive to climatic changes, is a part of the
same problem. There are a great many analogous problems in this field
because a global climatic change will affect many components of the en-
vironment.

We can obtain a general estimate of the impact of global warming on
economic activities only through extensive interdisiplinary researches,
which have not yet been carried out. Since many aspects of this impact
will be unfavorable, it is quite natural to ask if it is possible to prevent the
global warming trend either entirely or partly.

Such an opportunity may arise in the more distant future when new
methods of energy production may be developed that will enable us to
control the energy balance and preserve favorable climatic conditions. At
the same time, according to the available prognoses for the nearest dec-
ades, it is hardly possible to avoid using large amounts of fossil fuels.

A method for modifying climatic conditions that could help in averting
the globel warming trend was set forth in Budyko (1974). Chapter 4 pre-
sents estimates of stratospheric aerosol effects on the shortwave radiation
flux reaching the earth’s surface. These estimates show that relatively
small fluctuations in the amount of aerosols in the lower stratosphere can
essentially affect the ‘‘meteorological solar constant’” and accordingly the
mean air temperature near the earth’s surface.

Let us consider the possibility of changing the climate by increasing the
aerosol content of the lower stratosphere. For this purpose we shall esti-
mate the aerosol mass that must be released into the stratosphere to in-
duce a climatic change of the same scale as the 1920-1930s warming but
one that will cause a reduction in the mean temperature near the earth’s
surface.

The data of Chapter 4 show that in this case it is necessary to decrease
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the mean value of the direct solar radiation by 2%, which corresponds to a
0.3% decrease in the total radiation.

According to the above data, we assume that the mean aerosol content
that will reduce the total radiation by 1% is 0.8 X 107% g cm™2 and we find
that for our purpose 600,000 tons must be added to the aerosol mass in the
Northern Hemisphere.

Such an increase in the aerosol mass can be achieved by different tech-
nological means. The method we shall consider here is based on the sul-
fate nature of the stratospheric aerosols.

In order to increase the concentration of sulfate particles it is sufficient
to introduce into the aerosol layer a certain amount of sulfur dioxide,
which then turns into droplets of sulfuric acid. About 400,000 tons of SO, ,
which can be produced by burning 200,000 tons of sulfur, are required for
the formation of 600,000 tons of sulfuric acid.

Let us assume that the mean residence time of the stratospheric aero-
sols is 2 yr. To maintain the necessary concentration of aerosol particles
consisting of pure sulfuric acid, 100,000 tons of sulfur must be released
into the lower stratosphere each year. However, because of the hydro-
scopic properties of concentrated sulfuric acid, the droplets absorb water
vapor from the air, thereby increasing their mass and decreasing their spe-
cific weight. As a result, we shall need a considerably smaller amount of
the reagent for a given reduction of the total radiation. Since we do not
know the exact sulfuric acid concentration in the droplets of the strato-
spheric aerosols, we shall assume that it is ~ 50%. In this case only 40,000
tons of sulfur per year are required to perform our task. We note here that
this amount is less than half of the above-mentioned mass of sulphur be-
cause of the reduced specific weight of the aerosol when sulfuric acid is
diluted with water.

Taking into consideration the fact that modern high-altitude aircraft can
carry a load of about 15 tons to the level of the aerosol layer, we find that
the necessary amount of reagent can be transported to the lower strato-
sphere by several regular aircraft equipped with an arrangement for
burning sulfur in the atmosphere.

It is interesting that the amount of reagent to be introduced into the at-
mosphere according to the above method for altering the climate is an in-
finitesimal fraction of the material that is released into the atmosphere as a
result of modern man’s economic activities. The proposed amount is tens
of thousands of times less than the mass produced by human activity,
which according to current data is hundreds of millions of tons a year
(SMIC, 1971).

The amount of reagent that would settle to the earth’s surface even-
tually is also absolutely insignificant, i.e., at the indicated rate of use, it
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would average about 0.2 mg S m™2 yr~!, which is about a thousand times
smaller than the natural fallout of sulfur with atmospheric precipitation
(Budyko, 1974). It is obvious that such quantities are of no importance in
the pollution of the environment.

It should be mentioned that although the calculations that are the basis
for the above conclusions are fairly approximate, we believe that more
accurate calculations of subsequent investigations will confirm that, in
principle, it is possible to change the climate by modern technological
methods by controling the aerosol concentration in the stratosphere.

There are suggestions for averting the warming trend by direct influ-
ence on the CO, balance.

For instance, Marchetti (1976) and Nordhaus (1977) have introduced a
proposal for removing CO, from the waste products of fossil fuel combus-
tion by converting it to the liquid state under high pressure and pumping it
into deep ocean tayers. The technological and economic possibility of the
realization of this plan are at present obscure.

We think that the technological realization of any methods for changing
the global CO, balance or the climate itself is not a matter of current inter-
est, for the application of these methods will yield complicated and con-
tradictory results, which could be unfavorable for individual countries.
Therefore, it is unlikely that such methods will be used in the near future.

For this reason it is necessary to study the practical consequences of
the expected climatic changes due to a warming trend in order to consider
beforehand the means of using most profitably the favorable results of
such a change and averting the adverse consequences to the greatest pos-
sible extent.

6.3 THE DISTANT FUTURE OF THE BIOSPHERE
The natural evolution of climate

The problem of the distant future of the biosphere is only of theoretical
interest, unlike that of the climatic variations and changes in the bio-
sphere over the next few decades, which are exceedingly important for
man’s activities.

Scientists interested in this field ran into many more difficulties than
those concerned with the immediate prospects for the development of the
biosphere. This restricts the possibilities of obtaining reliable information
on the distant future of the biosphere.

In considering this problem we shall dwell on the natural climatic varia-
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tions that occur over long intervals of time. These variations can depend
on the following causes:

1. Astronomical factors. A change in the position of the earth’s sur-
face relative to the sun results in a climatic change with a time scale of
tens of thousands of years.

2. Composition of the atmosphere. During Tertiary and Quaternary
time the climate was definitely affected by a decreasing CO, concentra-
tion in the atmosphere. Considering the rate of the CO, decrease and the
corresponding change in the air temperature, we can conclude that the ef-
fect of natural changes in CO, on the climate is important for time inter-
vals over one hundred thousand years.

3. The structure of the earth’s surface. A change in the surface relief
and associated alterations of the coastlines can appreciably influence cli-
matic conditions over large expanses during the periods of at least hun-
dreds of thousands or millions of years.

4. The solar constant. Possible variations in solar radiation due to the
sun’s evolution should also be taken into consideration. These variations
can strongly affect climatic conditions over periods of more than a hun-
dred million years.

The temporal scales of the above-mentioned effects on climatic condi-
tions agree with similar estimates by Mitchell (1968) and other authors.

Let us now look at the effects that these factors can produce on climatic
conditions.

Future changes in the position of the earth’s surface relative to the sun
can be estimated quite precisely. Calculations in this field (Sharaf and
Budnikova, 1969; Vernekar, 1972) allow us to evaluate the fluctuations in
solar radiation income during the warm half-year, which are mostly re-
sponsible for changes in the polar ice boundary. According to Milanko-
vich (1930), radiation fluctuations at the latitudes close to the polar circles
produce a particularly strong effect on the ice shifts.

The available calculations show that in 10 to 15 thousand years the
amount of radiation will drop noticeably in the region of the ‘‘critical lati-
tudes’’ of the Northern Hemisphere, the decrease being about two thirds
of the reduction that occurred during the last Wiirm glaciation. This drop
could lead to the onset of a new ice age with the development of continen-
tal glaciations that, would, however, be somewhat less extensive than the
Wirm glaciations.

Much greater decreases in radiation in the critical latitudes of the
Northern Hemisphere could occur in hundreds of thousands of years; this
would mean the development of great glaciations at that time.

The influence of astronomical factors on climate can intensify with a
further decrease in the CO, content of the atmosphere. Since for many
millions of years the CO, concentration in the air tended to decrease, in
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the future it might go on decreasing in the absense of man’s impact on the
climate. The data on the CO, decrease at the end of the Cenozoic pre-
sented in Chapter 4 enable us to obtain an approximate rate for the ex-
pected decrease.

Extrapolating these data we can estimate how long it would take for the
atmospheric CO, concentration to decrease from the present-day level of
~0.03% to the level at which complete glaciation of the planet is possible.
According to the semiempirical theory of the thermal regime, this value is
~0.015%. The data on the rate of CO, decrease in the late Cenozoic show
that the difference between the above estimates approaches the change in
CO, concentration since the beginning of the Quaternary glaciations.
Therefore, we can conclude that the complete glaciation of the earth
could occur over a period of the order of a million years.

In addition to the general tendency toward cooling induced by a de-
crease in CO, concentration, in the presence of polar ice there are periods
when the ice cover tends to expand as a result of a change in the position
of the earth’s surface relative to the sun. Taking this fact into considera-
tion, we must decrease our estimate of the time at which complete glacia-
tion of the earth could occur.

In view of the above ideas we can draw the following picture of the pos-
sible evolution of the biosphere.

The continuing decrease in CO, concentration will be accompanied by a
gradual reduction in the productivity of autotrophic plants and in the total
mass of living organisms on the earth. At the same time the zone of polar
glaciations will expand and move to lower latitudes with the coming of ice
epochs.

In a few hundred thousand years or in a few million years the ice cover
will reach a critical latitude and then expand to the equator in a self-pro-
pelled process. As a result, the planet will be completely covered with ice,
which will be stable because of a low negative temperature at all latitudes.

Probably all biological processes on the earth will cease under the con-
ditions of complete glaciation. This supposition is based on the fact that
during the long period of the Antarctic glacier’s existence no living organ-
isms have appeared that could live constantly in the central parts of that
glacier. With the expansion of central Antarctic conditions in a relatively
brief period to the entire globe, we can hardly expect living organisms to
evolve and adapt to such unfavorable conditions.

Complete glaciation of the globe corresponding to the thermal regime
designated by point B’ in Figs. 3.17 and 3.18 would be very stable because
at all latitudes the air temperature will be far below the freezing point of
water. It is also possible that in the distant future this glaciation will
disappear as a result of a gradual increase in the solar constant. As men-
tioned in Chapter 4, some investigations predict that with the evolution of
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the sun its surface temperature will increase and the amount of emitted
energy will grow (Schwarzschield, 1958; Angstrom, 1965; White, 1967).

It is seen from Figs. 3.17 and 3.18 that for the melting of planetary gla-
ciation the solar constant must increase by ~40%. According to the data
in the above studies this might occur in a few billion years. In this case ice
will melt at all latitudes and the air temperature will rise by more than
100°, reaching an average value of about 80°C. Since with a further in-
crease in the solar constant the temperature of the earth’s surface would
continue to rise, the melting of the ice would hardly create favorable con-
ditions for life to originate again on the earth.

Realizing that our knowledge of the sun’s evolution is rather vague, we
emphasize the hypothetical nature of the above change in the earth’s tem-
perature regime. However, if such a change did occur, the thermal regime
would develop according to the main part of the hysteresis curve in Figs.
3.17 and 3.18, i.e., from the ice-free regimes of Mesozoic time (some-
where above E) to modern conditions (3) and from complete glaciation (B’
to A) to its disappearance (A').

The above estimation of the time during which complete glaciation of
the planet could occur is very rough for a number of reasons.

We think that the result obtained is interesting mainly as an illustration
of a specific property of the Quaternary glaciations mentioned in our pre-
vious work (Budyko, 1971). 1t is possible that, unlike the Permo-Carbonif-
erous and other ancient glaciations, the Quaternary ones were not tem-
porary episodes in the earth’s evolution but a transitional period from
stable ice-free climatic conditions to a far more stable regime of complete
glaciation of the planet. This transitional period, during which, according
to the above estimate, the biosphere could have ceased to exist, is fairly
brief compared to the entire period of the existence of life on the earth.

Complete glaciation of the planet in the course of the natural evolution
of the earth’s climate seems more probable in view of the present-day ten-
dency toward an uplifting of the continental level in some high and middle
latitudes of the Northern Hemisphere.

According to paleogeographic maps by Saks (1960) and other authors,
at the end of the Jurassic the ocean covered almost half of the latitudinal
belt at 70°N and ocean waters could easily circulate between the middle
and polar latitudes. In the early Cretaceous the area occupied by the con-
tinents at this latitude began to increase slowly, a process that continues
at present. As aresult, the continents now occupy 2 of this latitudinal belt.
Therefore, the straits connecting the seas of the middle and high latitudes
of the Northern Hemisphere are § of their former width. As a result of
this, the meridional transfer of heat to the polar latitudes by sea currents
decreased considerably, creating the prerequisites for the development of
the Arctic glaciations.
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Fig. 6.16 Change in mean air temperature at the earth’s surface.

There is no reason to suppose that an intensifying tendency toward iso-
lation of the Arctic polar basin, which has existed for many millions of
years, will stop in the near future. Continuation of this tendency means
that in the future new advances of glaciers and their expansion to the criti-
cal latitudes are even more likely.

The effects of changes in the earth’s relief on the future climate may
reveal themselves later than those of decreasing CO, concentration in the
atmosphere and therefore they may be insignificant. However, since
these estimates are very approximate, the question of the comparative im-
portance of both factors to future climatic conditions seems to be un-
solved.

A hypothetical diagram of variations in the mean global air temperature
near the earth’s surface in the future that is based on the above concepts
is presented in Fig. 6.16, where variations in the mean global temperature
in the past can be seen as well.

To make our example clearer, the time scale for the range of one million
years in the past and in the future is a thousand times greater than that for
more distant times. The range of air temperature variations that com-
prises the most favorable conditions for the development of biological
processes is shaded. It must be emphasized that the diagram is highly hy-
pothetical, since it is based on a number of the assumptions mentioned
above.

The biosphere of the earth and life in the universe

In order to understand the prospects of the far distant future of the
earth’s biosphere it is important to study the problem of the existence of
other biospheres in the universe. For many centuries attempts have been
made to solve this problem.
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As we know, many of the philosophers of antiquity believed in the exis-
tence of life on various celestial bodies. That concept was widely ac-
cepted in the eighteenth and, particularly, in the nineteenth centuries
among prominent scientists in the field of astronomy. The supporters of
the concept thought that the inhabitants of the planets and stars were rea-
soning creatures and that there were numerous civilizations in the uni-
verse.

The launching of artificial earth satellites held out new prospects for
studying the question of extraterrestrial life. During flights to the moon
and Mars attempts were made to find living organisms there. But even be-
fore these flights, many scientific and popular books that were devoted to
this question appeared, among them books by Shklovsky (1973) and
Sagan (1975).

In addition to the investigations carried out to find life on other planets,
the last few years have witnessed attempts to receive information that
might be transmitted by representatives of extraterrestrial civilizations
and to transmit information into space by means of radio. Several interna-
tional conferences (one of them in the USSR, Byurakan, 1971) concerned
with this matter were also held, indicating a rising interest in the question
of extraterrestrial civilizations.

Some scientists are sceptical when treating this problem. For example,
the famous biologist G. G. Simpson expressed the following view in 1963
before the implementation of the U.S. program to investigate the exis-
tence of life on the moon and Mars. Later it appeared in his collected arti-
cles:

In the case of extraterrestrial life, what real evidence there is pertains only to our solar
system and it is strongly, although not quite conclusively, opposed to the presence of life on
any other planet of this system. When scientists argue for the existence of such life, they are
thus discussing a partly scientific question but are on the wrong side. Outside of our solar
system there is absolutely no objective evidence at all, either pro or con. When scientists
discuss that issue they are at best extrapolating probabilities beyond any presently testable
point. At worst, and usually, they are simply fantasying (Simpson, 1969, pp. 73-74).

According to Simpson, it is practically impossible to obtain any infor-
mation on the existence of life outside the solar system and there is no
hope at all of discovering an extraterrestrial civilization.

Not only biologists, but also some specialists in the exact sciences con-
cerned with space investigations are rather sceptical, regarding the search
for extraterrestrial civilizations as useless. For instance, Sagan (1975) re-
calls the views on this problem expressed by Keldysh and by an American
astronomer, both of whom doubt the fruitfulness of such research.

Since the direct methods used to study the question of extraterrestrial
life have met with great difficulties, it seems appropriate to apply other
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approaches in this field. One of these may consist in investigating those
regularities of the evolution of the earth’s biosphere that can help in un-
derstanding life conditions in the universe. In such investigations it is nec-
essary to answer questions concerning the factors that permitted life on
the earth to exist for a tremendously long period of time.

Paleontological evidence shows that living organisms have continually
existed on our planet for more than 3 billion years. This is a very long
period, being over half of the time elapsed since the earth’s origin and
more than 10% of the time since the ‘‘big bang,”” when the universe began
to form. Since there is no information on the distribution of life in outer
space, we do not know what chances living things have for existence on a
planet for such a long period of time. They could be either relatively great
or quite small.

This problem involves some other aspects. What is the probability of a
sufficiently long existence of the biosphere for reasoning creatures to orig-
inate, develop, and start investigating their environment by scientific
methods? The fact that the time elapsed from the emergence of life on the
earth until the development of modern civilization is great even on a cos-
mic time scale can be easily explained by the slowness of the progress of
living organisms. Although the concept of progress as applied to an evolu-
tionary process cannot always be easily interpreted, this term is suffi-
ciently clear for discussing the question of human origins.

The reason for the slow progress is clear from the following remark:

In fact what natural selection favors is always and only the genetic characteristics of those
organisms that leave the most descendants under existing conditions in any one period. If
those leaving the most descendants are the fittest in some sense, for example the most intel-
ligent, then natural selection does maintain or increase fitness in that special sense. But
if . . . those less fit in one special sense, less intelligent, say, have more descendants, then
natural selection will decrease fitness in that sense (Simpson, 1969, pp. 56—57).

These words do not contradict the well-known fact that in the course of
evolution the tendency toward complication of living organisms prevails,
the development of the nervous system in animals being a particular ex-
ample. For instance, Jerison (1973) has established that during the history
of vertebrates their brain size gradually increased relative to their body
size. In particular, the data for mammals are presented in Table 6.7.

Note that in this case a considerable increase in the brain size occurred
over several tens of millions of years. For the direct ancestors of man this
process was quicker: the same increase in brain size took several million
years.

With these and similar data in mind we can conclude that during the
history of the biosphere conditions have been favorable not only for the
preservation of living organisms but for their progressive development.
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Table 6.7
Relative Brain Volume in Mammals®
Herbivora Predators
Early Tertiary primitive forms 0.18 0.47
Early Tertiary progressive forms 0.38 0.61
Mid and late Tertiary forms 0.63 0.76
Modern forms 0.95 1.10

2 The mean value for contemporary animals is assumed to be
equal to 1.0.

The question of how such conditions have been maintained is worth par-
ticular notice.

The biosphere’s stability

In the author’s works (Budyko, 1971, 1974, 1977a) it has been men-
tioned that, contrary to the ideas found in popular literature, living organ-
isms have exploited only a very limited part of our planet. The total mass
of living substance is of the order of n X 10'® g, which corresponds to a
surface density on the earth of ~1 g cm™2. Since wood, which has a very
low metabolism rate, is the main component of the total biomass, it might
be thought that the amount of biologically active living substance does not
exceed 0.1 g cm2. This value is negligibly small compared to the mass of
the atmosphere, hydrosphere, and upper layers of the lithosphere con-
tained in a vertical column of 1 cm?® section, i.e., the main components of
the environment surrounding living organisms.

Assuming that the mean thickness of the earth layer where organisms
exist is of the order of 10 km, it is evident that living substance (with an
average specific weight close to 1) occupies not more than one millionth of
the volume of this layer.

As mentioned earlier (Lavrenko, 1949), living substance could be con-
sidered as a very thin (in comparison to the planet size) film situated at the
surface of the continents, in the soil, and in the upper layers of water
basins. This film is partly broken: it vanishes completely or almost com-
pletely in the zones with permanent ice and snow cover, in the driest con-
tinental regions, and in the ocean regions with small amounts of the min-
eral matter necessary for plants. Thus, over billions of years of evolution,
living organisms have not sufficiently adapted to conditions existing over
a part of our planet’s surface. To a still lesser degree have they adapted to
the conditions of other regions of the biosphere: the quantity of organisms
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in the atmosphere, in the deep layers of the oceans, and in the lithosphere
beyond the soil layer is as a rule negligibly small, even compared to their
relatively small mass in the surface film.

It is worth noting that the areas occupied by individual species of ani-
mals and plants are usually very limited. These areas for the great major-
ity of species cover only a small part of the earth’s surface, and temporal
fluctuations in the natural conditions within these zones frequently lead to
a sharp change in the number of organisms, and sometimes to their extinc-
tion.

The boundaries of the life zone during the main part of history of the
biosphere were to a considerable extent determined by the possibility of
maintaining the photosynthesis of autotrophic plants. This can be attrib-
uted to the fact that almost the whole mass of living substance (particu-
larly that of multicellular organisms) exists by the redistribution of the
solar radiation energy consumed by autotrophic plants. The study of pho-
tosynthesis shows that this process takes place within a rather narrow
temperature range and requires water resources accessible to the plants,
definite CO, concentrations, and necessary mineral substances. A vital
condition of photosynthesis is the absorption by plants of sufficient
amounts of radiation in a definite range of wavelengths. The combination
of conditions essential for photosynthesis does not occur over the entire
surface of the earth and, over a considerable part of the surface, it is not
observed in all seasons. The combination of natural conditions that pro-
vides high productivity of autotrophic plants and therefore results in the
existence of a large mass of heterotrophic organisms per unit of area occu-
pied is even more rare.

Although, in the present epoch, in a number of regions with a humid
tropical climate, the productivity of the natural vegetation canopy reaches
rather high values, it is much less than the productivity expected with a
higher CO, concentration and a lower O, concentration in the atmo-
sphere.

The question of the productivity of photosynthesis is of decisive impor-
tance in the explanation of the relatively small amount of living substance
in the modern biosphere. The author’s work (Budyko, 1971) deals with
the study of the dependence among plant productivity, the biomass, and
the factors influencing photosynthesis. Considering this dependence one
can, in particular, establish that the total biomass depends appreciably on
CO, concentrations in the atmosphere and in water basins. An increase in
this concentration should lead to a growth in the total biomass.

In the above work the efficiency of use of the energy and water re-
sources by the natural vegetation canopy has been estimated. For the
earth as a whole plants consume only about 0.1% of the solar radiation
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coming to the earth’s surface. Approximately the same fraction of precipi-
tation is spent by land plants for the synthesis of organic matter.

Thus the life zone of organisms covers a small part of the range of natu-
ral conditions in the external envelope of our planet. The amount of living
substance existing within this zone is negligibly small compared to the
volume of its surroundings. Taking into account that the indicated range is
very narrow in comparison with the changeability of the physical and
chemical conditions on the planets of the solar system (to say nothing of
the conditions on other planets of the universe), it might be thought that
the flexibility of living organisms (i.e., their adaptability to various sur-
roundings) is very limited compared to the changeability of these condi-
tions even on our planet and especially in the universe as a whole.

In connection with the narrowness of the life zone and with the limited
amount of living substance in the external envelope of the earth, in order
to understand the reasons for the antiquity of the biosphere we should
study the mechanisms that maintain its stability.

The stability of the biosphere depends on the regularities governing its
development under more or less constant external conditions and on the
variability of the external factors that influence it. The balanced character
of the ecology of earth’s biosphere is a typical and to some extent para-
doxical feature. As is known, heterotrophic organisms are related to one
another and to autotrophic organisms by trophic relations that frequently
result in the annihilation of one organism by another. If predators, which
obtain food most effectively by the extermination of pursued animals,
leave a greater number of descendants, it would seem that natural selec-
tion further promotes the indicated ability of the predator. The same as-
sumption can be made concerning the ability of herbivorous animals to
consume the increasing amount of living plant matter. It is easy to see that
similar consequences of natural selection would result in the quick de-
struction of the most prosperous species because they annihilate their
sources of food.

Although ecological works have for a long time dealt with the study of
the complex mechanisms preventing the possibility of mutual destruction
of species in the course of trophic interrelations, it is believed that this
study is still far from complete. The use of numerical models of ecological
systems is essential for progress in this investigation. In these studies it
has been established that the system of negative feedbacks that decrease
the variability of the size of populations incorporated into ecological sys-
tems is very important for increasing the stability of ecological systems.

The high efficiency of these feedbacks is proved, for example, by the
antiquity of many present species and genera, which have existed, in
some cases, for tens and hundreds of millions of years. The fact that the



6.3 The Distant Future of the Biosphere 277

process of evolution of organisms is very slow under constant external
conditions is revealed by the existence of various *‘living fossils.”” For ex-
ample, a great number of ancient forms have remained in the regions of
the open oceans, where environmental conditions were most constant.

As noted earlier, ecological systems have definite features of integrity.
For this reason they are sometimes considered as ‘‘superorganisms.” A
similar term can be applied to the global ecological system—the bio-
sphere.

The use of this term is warranted by the fact that organisms exert a con-
siderable influence on the many components of the biosphere and particu-
larly on the atmosphere, where the main mass of oxygen is produced as a
result of the activity of autotrophic plants, which are also of great impor-
tance for the CO, balance. Atmospheric oxygen, organic carbon in the at-
mosphere and oceans, and liquified and gaseous water in the biosphere
have comparatively short exchange cycles due to the activity of living or-
ganisms. Sediments in the upper layers of the lithosphere are created, to a
great extent by organisms.

It is worth noting that the effect of organisms on the environment can
improve the conditions of their existence mainly in local ecological sys-
tems and for comparatively short periods of time. The results of this effect
on the global ecological system apparently cannot have adaptive signifi-
cance because the duration of most species is usually much shorter than
the period of large scale vanation of the biosphere.

It is characteristic that in some cases the environment is adversely af-
fected by the activity of organisms: as mentioned above a high level of
oxygen concentration produced by plants in the modern atmosphere
lowers their productivity. The withdrawal of some atmospheric CO, in the
course of its biotic cycle has led to a photosynthesis productivity de-
crease. Thus the effect of organisms on the biosphere does not increase its
stability, even with constant external conditions.

It has been repeatedly proposed that great changes in the biosphere are
associated with the effect of external factors. Such assumptions refer, in
particular, to the critical epochs of geological history (such as the extinc-
tion of many groups of animals at the end of the Permian, Triassic, and
Cretaceous), which are possibly the consequences of volcanic activity
fluctuations. (This will be considered in more detail below.)

Among the examples of the evident influence of external factors on or-
ganisms is the extinction of numerous animal groups at the end of the Ter-
tiary period in South America. There is no doubt that the joining of South
America with North America that resulted from the land elevation in the
region of the Isthmus of Panama was a cause of the animal extinctions.
The penetration into South America of highly developed mammals led to
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the rapid disappearance of many representatives of the original fauna of
South America that existed there during almost the entire Tertiary period
in conditions of isolation from the other continents.

The balanced ecology of the biosphere has been appreciably disturbed
as a result of man’s activities, which, because of their specific character,
can be considered an external factor relative to various components of the
biosphere.

We observe that noticeable changes in the biosphere’s ecology under
the influence of anthropogenic factors had already appeared in the early
stages of the existence of Homo sapiens and were manifested in the anni-
hilation of many species of large animals by our ancient ancestors (Mar-
tin, 1967; Budyko, 1971).

Man’s impact on animate nature increased sharply in the present epoch
when, as a result of the inadvertent consequences of economic activities,
many species of organisms have been annihilated and the populations of a
great many more species have been drastically decreased. The ease with
which man can annihilate living organisms over vast areas is one of the
proofs of the high sensitivity of the biosphere to variations in the external
factors that influence it.

The duration of the biosphere’s existence in the presence of fluctua-
tions in external factors affecting the global ecological system depends on
its stability as determined by a set of direct relations and feedbacks be-
tween the system components and external factors.

Laying aside the above question of man’s activities, consider the main
external factors whose variations can affect the global ecological system.
Among them are solar radiation and the exchange of matter between deep
layers of the lithosphere and the biosphere.

The importance of the first of these factors is evident since, with the
expiration of solar radiation (which could occur in several billion years),
the biosphere will cease to exist.

The studies whose results are discussed in Chapter 3 have shown that
climatic conditions can vary significantly with even relatively small varia-
tions in solar radiation.

A reduction of the solar constant by only a few percent could result in
complete glaciation of the earth, which would be followed by a 60— 100°
lowering of the mean surface air temperature. Such a change in climate
would, it seems, result in the destruction of all living organisms, i.e., in
the disappearance of the biosphere.

The high sensitivity of the thermal regime to solar radiation fluctuations
enables one to suppose that the existence of the biosphere depends on
even relatively small variations in solar emission. Apparently this emis-
sion is rather stable. As mentioned in Chapter 4, numerous attempts un-
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dertaken to determine from observation how stable the ‘‘solar constant’
(i.e., the solar radiation flux at the outer boundary of the atmosphere) is
have led to the conclusion that over the last decades this value has hardly
varied or has fluctuated within a narrow range, usually not exceeding 0.1%
of its value.

Of great importance is the question of solar constant variations in the
geological past, which was treated in Chapter 4. It is assumed that the
evolution of the sun will lead to a gradual decrease in its diameter and to
an increase in its luminosity. Other things being equal, this change in solar
radiation must correspond to the very cold climate of pre-Cambrian and
Paleozoic times, which is contrary to the data of geological investigations.
To explain this contradiction an assumption was made that the atmo-
spheric chemical composition was quite different in the past, increasing
the greenhouse effect of the atmosphere. If this assumption is correct, it
can be concluded that a random coincidence of variations in external fac-
tors (solar radiation and the chemical composition of the atmosphere),
whose influence on the thermal regime is opposite and which compen-
sated for each other, made it possible to preserve life on our planet for so
long a time.

The probability of the biosphere’s destruction in 1 to 2 billion years
(i.e., long before the expiration of the solar radiation) as a result of the
overheating of the earth is another conclusion from a concept concerning
the solar radiation growth that was introduced by several authors.

The exchange of matter between deep layers of the lithosphere and the
ocean—atmosphere system has exerted a great influence on the biosphere.
It is thought that the ocean and atmosphere emerged as a result of the pro-
cess of degassing of the upper mantle, in the course of which water vapor,
CO,, and other substances entered the surface layer of the earth. This
process is a consequence of the heating of the lithosphere caused by the
decay of a number of long-lived isotopes of radioactive elements. Un-
doubtedly, the rate of the degassing process was not constant. This is in-
dicated by fluctuations in volcanic activity, which have varied consider-
ably during geological history. Since volcanos eject a significant amount
of CO, and other products, their activity exerted a great influence on the
biosphere.

It follows from Chapter 2 that, during the Phanerozoic, the amount of
atmospheric CO, varied by about a factor of ten, from several tenths to
several hundredths of a percent of the atmospheric volume and the
amount of oxygen by 5 times, in the range of 30— 150% of its present mass.

Undoubtedly, variations in atmospheric chemical composition exerted
a great influence on animate nature.

Of some interest is the study of the possibility of changing the atmo-
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spheric chemical composition to the limits that exclude the further exis-
tence of organisms. As is known, autotrophic plants, which are the main
source of energy for the modern biosphere, usually can function in the
range of CO, concentration from 0.01-0.02% to several percent.

For most animals there is an upper limit of CO, concentration for their
environment; above this limit they die. In many cases this limit is several
percent of the atmospheric volume.

Although various plants and animals can exist only in definite ranges of
partial pressure of O, (which are very different, particularly for aerobic
and anaerobic organisms), the question of fluctuations in atmospheric O,
mass is probably of lesser significance for the stability of the biosphere
than that of variations in CO, concentration. This can be attributed to the
fact that the atmospheric O, mass far exceeds the CO, mass, the source of
generation of free O, (the photosynthesis of autotrophic plants) being far
less changeable than that of atmospheric CQ, . Therefore one can suppose
that in the Phanerozoic the amount of CO, varied much more than the O,
mass. The data from Chapter 2 confirm this assumption, although the ac-
tual differences between relative variations in CO, and O, masses must
have been far greater than the values obtained, since those values are av-
erages from the geological periods or epochs and are not characteristic of
variations in the atmospheric chemical composition for shorter time inter-
vals. For these reasons considerable variations in the atmospheric O,
mass for relatively short intervals are highly improbable, whereas for the
CO, mass, such a possibility undoubtedly existed. The evidence of this is
a rapid growth of CO, concentration in the modern epoch due to the im-
pact of man’s economic activities.

As mentioned above, atmospheric CO, greatly influences the thermal
regime by increasing the greenhouse effect. A decrease in CO, concentra-
tion below the modern one could result in temperature lowering that, as
some computations show, for sufficiently low concentrations could lead
to complete glaciation of the earth. Thus CO, variations exert both a di-
rect influence on living organisms and an indirect one connected with chi-
matic change.

Before the above-mentioned ecological catastrophes associated with
the sun’s evolution occur, the atmospheric chemical composition could
vary, going beyond the limits of the possibility of the existence of living
organisms. Carbon dioxide concentration variations in particular present
danger in this respect.

As indicated above, the range of CO, concentrations within which the
existence of most of the autotrophic plants is possible is relatively small:
it allows the CO, mass to increase or decrease by approximately an order
of magnitude relative to its mean value for the Phanerozoic. At present
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the CO, mass is noticeably lower than its mean value in the past and is
apparently close to the lower limit of the interval indicated.

As seen from the data of Chapter 2, the process of decreasing the
amount of CO, in the atmosphere started in the Cretaceous period and
accelerated at the end of the Tertiary period. The probable reason for the
decreasing CO, mass is the attenuation of volcanic activities, possibly
caused by the exhaustion of the reserves of radioactive elements that
produce heating of the lithosphere. From the available approximate esti-
mates it follows that, if this process continues for about a million years (a
period short from the viewpoint of the earth’s history) one of the two eco-
logical catastrophes will occur: the complete glaciation of the earth or the
disappearance of autotrophic plants.

In this connection one should remember the opinion of Ronov (1976)
that life on the earth can exist only with a sufficient level of decay of ra-
dioactive elements in the lithosphere.

It is assumed that in the Pleistocene the earth’s biosphere was not far
from destruction in the epochs of the greatest development of the last
Quaternary glaciations, which advanced close to the critical latitude (the
limit beyond which ice loses its stability and shifts toward the equator as
in a self-propelled process).

Assuming the possibility of the disappearance of the biosphere in the
not very distant future, one should return to the question of how the bio-
sphere could be maintained for such a long period in the past. It is be-
lieved that the maintenance on the earth of a mean temperature within the
narrow zone necessary for life for billions of years seems to be a random
event, the probability of which is very low. To a considerable extent, the
comparatively small changeability of the atmospheric chemical composi-
tion, whose variations could easily destroy all organisms or most of them,
was also random.

As mentioned in some investigations, along with noticeable variations
in mean volcanic activity over long intervals of time, short term variations
far greater in amplitude occurred. The data on present-day CO, concen-
tration growth indicate that there are no strong negative feedbacks in na-
ture that could essentially decrease the growth of atmospheric CO, mass
when its income is increased. In studying present changes in atmospheric
chemical composition, one might note that now the anthropogenic pro-
duction of CO, is much more intensive than the volcanic and other natural
sources of CO,. But the modern level of volcanic activity is far from the
highest possible.

During the Phanerozoic, aerobic organisms seemed to be in permanent
danger of being poisoned by CO, and other products of volcanic explo-
sions, among which is the very toxic substance, carbon monoxide.
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The decrease in atmospheric transparency accompanying a consider-
able increase in volcanic activity was another danger for living organisms.
As the estimates made show, variations in volcanic activity over the last
centuries led to a change in mean surface air temperature of several tenths
of a degree.

Undoubtedly, during hundreds of millions of years far greater tempera-
ture variations must have been observed due to the coincidence in indi-
vidual time intervals of many volcanic explosions. Rough estimates of this
effect have led to the conclusion that, over individual decades, the mean
air temperature could have been lowered by 5-10° as a result of this
cause. Such a temperature reduction (or its sequel) appears to be a suffi-
cient cause for the extinction of many species of stenothermal organisms
(i.e., organisms that could not adapt to considerable temperature fluctua-
tions in the environment). In this connection it has been hypothesized that
increasing volcanic activity could have caused the changes of successive
faunas in critical epochs of geological history (Budyko, 1971).

The question whether an increase in volcanic activity could result in
greater temperature lowering, sufficient for most or all living organisms to
be destroyed, is worth studying.

For complete elucidation of the problem it is necessary that a quantita-
tive assessment of the probability of the changes in external factors that
would exert a significant influence on the biosphere be carried out. Al-
though obtaining these estimates is a matter for the future, the available
restricted data enable one to suppose that, over the very long period of
the biosphere’s existence, this probability seemed to be high.

The uniqueness of the earth’s biosphere

It follows from the above considerations that life in the universe is a
rare phenomenon. This refers particularly to the highest life forms, whose
development could have resulted in the creation of extraterrestrial civili-
zations.

Variations in natural conditions that accelerated the evolution process
seem to be of great importance in the emergence of the highest forms of
organisms, which are responsible for the creation of civilizations. The im-
portance of this factor for the change of successive faunas is acknowl-
edged by many investigators, among them Simpson (1944), who wrote
that among the reptiles, birds, and mammals the percentage of the orders
that emerged during periods of intensive elevations and orogenesis is too
high to be attributed to random cases. It is possible that, on a hypothetical
planet with conditions favorable for life that were constant for billions of
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years, the slowness of evolution could exclude the possibility of the emer-
gence of sufficiently complicated organisms and, consequently, the crea-
tion of a civilization.

Thus the emergence of highly developed organisms apparently requires
a definite changeability of external conditions, this changeability being
within the limits of the narrow life zone of the organisms indicated. Such a
condition lowers the probability of the emergence of extraterrestrial civili-
zations compared to that of extraterrestrial life.

The method widely used in assessing the number of planets in the uni-
verse where civilizations might exist is to multiply the number of stars by
several coefficients, each less than unity, among which are those charac-
terizing the probabilities of (a) the existence of planets near a star, (b) the
presence on these planets of conditions suitable for life, (c) the emergence
of life on these planets, (d) the progress of organisms up to the level of the
emergence of highly developed civilizations, and (e) the long-term exis-
tence of these civilizations. The authors of similar assessments acknowl-
edge the great difficulty of obtaining any valid estimates of these coeffi-
cients (with the partial exclusion of the first of them), but, with the
enormous number of stars in the universe, they can, by using very small
(in their opinion) values for every coefficient, obtain a rather large number
for the civilizations existing now. For example, Sagan (1975) assumes that
in our galaxy approximately one million planets have highly developed
civilizations.

Agreeing with Simpson that such a method of computation is to a large
measure arbitrary, we should indicate that the authors of these calcula-
tions have no idea of the presence of additional factors that considerably
lower the probability of the existence of life (and, particularly, intelligent
life) in the universe.

From studies of the stability of the earth’s biosphere it follows that this
stability is not very high, and the probability of the existence of life on a
planet similar to the earth for billions of years is extremely low. Compara-
tively small variations in solar radiation and in volcanic activity seem to
be sufficient for the destruction of all multicellular organisms or all the life
on the earth.

One can cite other external factors that could exert a fatal influence on
organisms. For example, the fall of large meteorites, the tracks of which
have been worn on the earth’s surface but are clearly defined on the sur-
faces of the moon, Mars, and Mercury, could produce variations in the
state of the biosphere, approaching the limits of the life zone.

Without regarding this and other similar possibilities in more detail, we
note that, from our point of view, the independent evolution of the sun
and the weak dependence of the evolution of the deep layers of the litho-
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sphere on the state of the biosphere are of most importance for the prob-
lem under consideration.

These factors considerably decrease the probability of the existence of
the biosphere for a time sufficient for the emergence of a highly developed
civilizations.

Therefore, it might be thought that the probability of life in the uni-
verse, particularly in its highest forms that are associated with the appear-
ance of civilizations, is insignificant. This conclusion is confirmed by the
negative results of life detection experiments on the moon and Mars, the
failure of attempts to pick up signals from extraterrestrial civilizations,
and the absence of reliable information on past contacts between mankind
and the inhabitants of other planets.

This conclusion is based on studies of the earth’s biosphere, the results
of which have been stated in previous works by the author (Budyko, 1971,
1974, 1977a). A similar conclusion has recently been drawn by Hart (1978,
1979), who evaluated the possibility of the maintenance of conditions fa-
vorable for life on the planets revolving around different stars.

In the first of these articles Hart has constructed a numerical model of
the evolution of the chemical composition of the earth’s atmosphere
whose application shows that the long maintenance of conditions favor-
able for the existence of organisms is possible only for a specific range of
distance between the earth and the sun. An increase in this distance of the
order of 1% could have led to complete glaciation of the planet in the re-
mote past. A slight decrease in this distance could lead to an increase of
the planet’s surface temperature to the boiling point of water. Then the
disappearance of the hydrosphere, where the CO, emitted from the
earth’s crust is being absorbed, would result in a rapid further tempera-
ture rise, as occurred on Venus.

Hart’s second article treats the question of the existence of ‘‘zones of
life’’ (i.e., places where the existence of living organisms is possible on
planets similar to the earth) for stars of different types. Using the above
model, Hart has found that zones of life could not exist for long near many
stars. For the stars that could have long-term zones of life, the volume of
these zones, which is determined by the closest and farthest approach of
the planet to the star, is very small in every case.

Although Hart’s model of the evolution of the atmosphere is rather
schematic (see Chapter 2), it correctly simulates many features of this
process. In addition, Hart has shown that the conclusions on the proper-
ties of the life zone depend comparatively little on the possible errors in
the parameters introduced into his model. For this reason, Hart’s results
can be considered one of the evidences that life in the universe is a very
rare phenomenon.
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In view of these considerations, the earth’s biosphere is unique in two
respects. First, the very fact of its long existence under conditions that
repeatedly could have led to the destruction of living things on our planet
is extraordinary. Second, the capability of certain species of living organ-
isms, namely mankind, of prolonging the existence of the biosphere by
averting the processes that threaten its further life, is also exceptional.

The future of the biosphere

The first result of the global impact produced by man on the biosphere
that is connected with restoring the ancient CO,-rich atmosphere is an in-
advertent consequence of economic activities. This change in the compo-
sition of the atmosphere has increased the stability of the biosphere and
decreased the possibility of its complete or partial destruction by glacia-
tions.

If it is assumed that the concentration of atmospheric CO, will decrease
again after all the available resources of fossil fuel are used, one might
think that at that time the level of energy production from other sources
will be high enough to maintain the optimum air temperature near the
earth’s surface.

In recent years new technological methods have come into view that
can modify the global climate, either by increasing the mean temperature
in the lower air layers (introducing water vapor, chlorofluoromethane, or
other gases that absorb longwave radiation in the stratosphere) or by de-
creasing this temperature (adding to the aerosol layer in the stratosphere).

Undoubtedly, in the future it will be possible to influence the climate to
a much greater extent and to control it for the good of all mankind. With
such technological means we can greatly increase the stability of the bio-
sphere and considerably lengthen the time of its existence.

6.4 CONCLUSION

The question of the climatic conditions of the future is part of the gen-
eral problem of human impact on the environment, which is now attract-
ing great attention. Of this problem, Fedoseev (1978) writes: ‘‘For the
first time now humanity at large has come across a problem of averting
actions and processes which could drastically disturb the normal state of
the biosphere and thereby undermine natural prerequisites of social
being.”’

Mentioning a well known statement by Karl Marx, that culture leaves
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behind itself a desert if it develops spontaneously and is not directed de-
liberately, Fedorov says

The character of interaction of human society and nature attracts an increasing interest in
the last few decades and at the same time it alarms scientists and laymen alike in all corners
of the world. Numerous articles and speeches relating to this subject often state an opinion
that a developed society ruins nature, destroys the environment in which it exists and from
which it derives all the necessary resources. Nature is being destroyed by the very fact of
society’s rapid development, its technology and mainly by unconsidered actions. And
thereby the society deprives itself of prospects and possibilities for subsequent existence.

Fedorov remarks that to eliminate the danger of a global ecological crisis
““mankind must form nature on the global scale.”” And this can be
achieved

only by an organized society which is able to control its actions on the whole and its interac-
tions with nature on the global scale. . . . The matter is whether humanity would be able in

the nearest decades to control and direct its own development. We think that this very prob-
lem defines a critical situation of the next stage of mankind's progress (Fedorov, 1977).

Taking account of these considerations, one must acknowledge that the
most important task of modern ecological research is the study, aimed at
averting adverse effects, of the consequences of human economic activi-
ties relating to the environment.

This book has shown that man’s economic activities, as they are con-
nected with the ever increasing burning of fossil fuel and the cutting of
forests, lead to changes in the atmospheric chemical composition and the
changes rapidly become greater. An increase in atmospheric CO, has al-
ready resulted in a mean air temperature rise near the earth’s surface of a
few tenths of a degree. With further progress in economic activity the
mean air temperature will rise by 2—3° in several decades and later it will
increase even more. This will lead to the destruction of polar sea ice,
which will make climatic changes in high and middle latitudes in the
Northern Hemisphere more pronounced.

Calculations on the basis of climatic models and paleoclimatic informa-
tion enable one to construct maps defining climatic conditions in the fu-
ture. With the data of these maps it is possible to evaluate variations in
different components of the natural conditions in response to an increase
in CO, in the atmosphere. The estimates obtained indicate that these
variations could be quite large over the entire globe, especially in high and
middle latitudes.

It is essential for understanding the present changes in the state of the
biosphere that, with an increase in atmospheric CO, concentration, the
atmosphere returns to the composition typical of the Tertiary period,
when climatic conditions were far warmer and plant productivity was
higher than at present.



6.4 Conclusion 287

Since the atmosphere lost CO, for the last hundred million years,
directly threatening the existence of the biosphere due to a decrease in the
productivity of autotrophic plants and the possible complete glaciation of
the earth, the present anthropogenic impact on the biosphere seems to be
a favorable factor that eliminates the indicated threat.

However, it must be mentioned that although many aspects of global
warming could be favorable for mankind (a rise in the productivity of au-
totrophic plants, better usage of land in cold climate zones, etc.), a num-
ber of difficulties can also inevitably arise.

The major difficulty lies in the necessity of adjusting, in a relatively
brief period of time, many branches of the economy to the conditions of a
rapidly changing climate and other aspects of natural conditions.

It is quite evident that there is now a need for a detailed study of the
major consequences of global climatic change so that they can be consid-
ered while planning economic activities.

In connection with this, it is necessary to organize, as quickly as possi-
ble, broad interdisciplinary investigations of anthropogenic climatic
changes and their impact on natural conditions. In view of the global
charactor of the processes involved, the proposed studies must be exten-
sive and based on international co-operation.
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