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Tranglator's Remarks

It was intended to keep thils translation as close aa possible to the
author's style end avold rephrasing,.

Consecutive numbers were added to the list of references to Russian
literature to facilitate the finding of trancliterated Russian names

which are listed according to the Cyrillic alphabet in the original E’
text,

There are several names mentioned by the author in the text but not
included in the list of references,
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Errate

Should be:

Instead of:

"eee c&l/r.ma/hour"

eee kg-cal/cnz/hour"

P. 34, Table 3, heading

*es cal/em/min?

"... kg-cal/en®/min®

P. 42, Table 7, heading

p. 98, §7. Radiation

".e. 220 cal/ca®/year”

Sth

balance

"eeo 220 kg-cal/cm®/year”

paragraph, 2nd
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THE EFAT BATANCE OF THE EARTH'S SURFACE

Annotation

This monograph summarizes the results of investigations in heat balance
climatology of the earth's surface, Various methods for determining the
components of the heat balance are anslyzed and systematized, Data on
geographicel distribution of all components of the heat balance and of
their annual and diurpel variations are presented. Applications of the
heat balence climatology to various problems of physical geography, sgro-
meteorology, and hydrology ere interpreted. The utilization of heat balence
data-for the analysis of meteorological effectiveness of ameliorative meas-
ures is investigeted,

This monograph can be used by scientists, aspirants and students, who
are working in fields of climatology, meteorology, land geography, and
oceanography, and also, by scientists end practitioners in other profes-
sions who might be interested in problems of the transformation of solar
energy on the earth’'s surface.

Preface

Investigations of heat belance on the earth's surface are now occupying
an importent place in all hydrometeorologlcal disciplines, including mete-
orology, climatology, land byd.roloy,and oceanography.

The main purpose of these lnvestigations 1s the study of the causel prin-
ciples which determine the meteorological and hydrologicel regimes in var-
ious geographical regions and could be used for prognostication and cal-
culetion of importent hydrometeorological pr and ph: In fact,
& whole serles of investigations on heat balance has been made in order to:
evaluate the effect of meliorative measures on climatic conditions near the
ground; calculate the evaporation from the reservoirs which have been
planned for construction; develop methods for forecasting the reservoirs'
freezing dates; and solve many other practical problems,

In recent years, due to the initiative of the academician A.A. Grigor'ev,
the data on heat balence have largely been used 1n studles of the general
problems in physical geography including the problem of geographical zon-
ality.

The rapid growth in the number of requests for material on heet balance
in varlous regions has stimlated a conslderable progress in climatologlcal
investigations of this subject, especially concerning the geographical dis-~
tribution of the heat balance components.

As a result of work along these lines, that has been accomplished in
the Central Geophysical Observatory (Voeikov's), end also by some other
groups of scientists, the climatology of heat balance has been established
by now as one of the branches of gemeral climatology.

This monograph is devoted to the interpretation of the problems of
heat balance climatology.

The author expresses his sincere gretitude to all persons who have read
this work in manuscript and offered their comments.,




Chapter I

Introduction

Solar radiation is the main source of heat energy for almost all the
netural processes developing in the atmosphere, hydrosphere, and in the
upper layers of the lithosphere,

On the other hand, the utilization of solar energy is of paramount im-
portance in economical activities, and particularly valuable for agri-
cultural production,

Consequently, the problem of the transformation of solar energy in the
atmosphere, in the hydrosphere, and in the upper layers of the lithosphere
(1, e., in the outer geographical medium), is very importent for develop-
ment of a large scope of problems in the practical, as well as in the
theoretical field of knowledge.

The general aspect of the basic transformations of solar energy in the
outer geographical medium could be interpreted, according to the most re-
cent conceptions in the foliowing way:

The flux of the solar radiation at the average distance of the earth
from the sun is approximately equal to 1000 kg-ca.'l./cm2 per year, Because
of the spherical shspe of the earth, a unit of the surface on the cuter
boundery of the atmosphere receives, on the average, l/k of the total
flux; i.e., about 250 kgecal/em® per year, and about 150 kg-cal/cm? per
year is absorbed by tbe earth as a planet,

It is very significant that the main portion of the absorbed solar
radiation - about 3/1+ of the total amount - is absorbed by the earth's
surface, whereas the atmosphere absorbs only l/k of it.

The surface of the earth, when heated as a result of solar radiation
absorption, becomes a source of long-wave radiation which, in turn, heats
the atmosphere. The presence of water vapor in the atmosphere, and elso of
some gases and dust particles that absorb the long-wave radiation, re-
duces considerably the effective radiation of the surface as compared
with that which would have been observed if the atmosphere would be per-
fectly translucent (the green house effect), As a result of the green
house effect, the radiation balance of the earth's surface (i.e., the
difference between the absorbed radiation and the effective outgoing
radiation) is rendered positive.

Since the radiation belsnce of the earth as a plinet is close to zero,
on the average for the year, the radiation belance of the atmosphere,
which is equal to the difference between the radiation balance of the
earth as a whole and the radiation balance of its surface, is rendered
negative.

Besides radiational transformations, a considerable redistribution of
heat in the atmosphere in e vertical direction is accomplished by the

1) The difference between the long-wave radiation from the earth's
surface and the opposite long-wave radiation from the atmosphere.



processes of molsture exchange which are connected with the expenditure of
heat for evaporation at the level of the underlying surface and the release
of latent heat of condensation in the atmosphere, as well as by processes
of vertical turbulent heat exchenge.

Along with the processes of vertical redistribution of solar energy,
vigorous processes of horizontel redistribution of heat are developed in
the outer geographicel medium. Among them, of special importance, is the
exchange of heat energy in the atmosphere and hydrosphere which taskes place
between the higher and lower latitudes. This exchange is induced by sub-
gtantial differences in radiationsl heating rates over the spherical sur-
face of the earth, It i accomplished by the mecroturbulent heat exchange,
by transfer of heat by sea currents, and also, by the redistribution of
condengation heat in the atmosphere,

All these processes of solar energy transformation are induced by ra-
diational factors snd affect,enormoucly, the energy regime in the outer
geogrephical medium, In particular, they modify considerably the radi-
ation regime on the surface of the earth, which depends a lot on the cir-
culation of the atmosphere and hydrosphere, on condensation and evaporation
Processes, etc.

In association with processes of the "first order" transformation of
solar energy, which greatly affect the radiational and thermsl regime,
other processes of solar energy transformation are also developed in the
outer geographicel medium, These processes involve some comparatively
small quantities of heat, and therefore they do not exert any noticeable
or direct influence on the radiation and heat regime. They are usually
of lesser significance in meteorological investigations, but some of them
are of exceptional interest for some other branches of natural sciences,
as for instance, the process of photosynthesis, which involves the trans-
formation of radiation energy into a relatively stable form of chemical
energy creating organic matter.

The basic data, from which the study of all forms of trenaformation of
solar energy in the outer geographical medium proceeds now, are the data
on radiation and heat belance. Among them, data on radistion and heat
balance of the earth's surface are especially valuable, since the surface
absorbs 75 of the total amount of solar energy absorbed by the earth, end
consequently, it presents the main source of energy for the outer geo-
graphical medium.

Because of the fact that just at the earth's surface the greatest in-
tensity of the most lmportent natural processes is observed, like the
biological, hydrological, exogenous geomorphological, soll formation proc-
esses, and others, it is obvious that data on the heat balance of the
surface will be of an essential significance for the study of causal re-
lationships of natural processes in the outer geographical medium,

In this monograph, the basic laws governing the radiation and heat bal-
ance of the earth's surface are analyzed in e geographicel aspect; i.e.
the climatology of the heat balence is interpreted, ’

The elimatology of the heat balance includes, first of all, the methods
for processing results of hydrometeorological observations which permit
the calculation of the principal components of the balance.

The method for determining the components (terms) of the heat balance

by proceeding from data of ordinary hydrometeorological observations is
described in chapter 2.

The application of methods for calculating the balence components per-
mitted us to develop the climatography of heat belance which includes, by
now, the data for almost the whole surface of the terrestrial globe.

The fundamentals of the heat balance climatography are presented briefly
in chapter 3,

As it turnmed out, it was possible to use the data on geographical dis-
tribution of the heat balance in solving various climatological problems,
end also in studying some general problems of physical geography.

Thus, the utilization of heat balance data allows us to derive many
conclusions about the regularities in heat exchange and the turn-over of
molsture in the atmosphere. The results of these investigations are given
in chapters 3, 4, 5, and 6. They complete the explanation of the causes
of some climatic phenomena and provide for a quantitative interpretation
of those processes which formerly were only qualitatively studied.

Among studies based on application of heat balance data ,s special place
is occupled by investigations of changes in the climatic regime as effected
by amelioration (Ch. 5). Taking the date on heat balance into account it
was possible to make quite a few conclusions of a definite practical im-
portance.

As far ss the transformstion of solar energy on the earth's surface
exerts a tremendous influence on the dynamica of all exogenous natural
processes, 1t is obvious that data on heat balance can be successfully
used for studying meny geographical regularities., Accordingly,in chapter
4 an analysis is given of those relationships which connect the conditions
of heat energy balance with hydrological processes and with the develop=-
ment of natural vegetation, It also turned out that it was possible to
clarify some causal relationships which determine the phenomenon of geo-
graphical zonality that was first discovered by V. V. Dokuchaev.

The data presented in this monograph contributed to an improvement of
existing concepts of the general balance of energy on tue earth and of its
water balance, and have also thrown more light on some other questions
connected with the process of heat and molsture exchange.

§1. Beat balence equations

Equetions of the heat balance represent some particular cases of the
basic law in physies - the law of energy conservation. These equations
can be derived for various volumes and surfaces in the outer geographical
medium, In recent investigations, equations of the balance for the earth's
surface and the equetion of the balance for the system “earth - atmosphere,"
i,e., for the vertical column that extends through the whole geographicel
medium, are most frequently used.

To obtein the equation of the heat balance of the earth's surface all
the streams of heat energy flowing between the element of the surfece and
the ambient space must be summarized.

We will designate the value of the radistional flux of heat by R’ ;



the turbulent flux of heat between the underlylng surface and the atmosphere
by 4 ; the heat flux between the underlying surface and the lower layers by
A7 ; and the expenditure of heat for evaporation (or the emission of heat
from condensation) byLE’(L— the latent heat of evaporation,F’- the speed
of evaporation or condensation). Since ell other components of heat bal-
ance are usually much smaller than the here cited fluxes of heat, we may
write, in the first approximation, the bheat balsnce equation in the fol~
lowing form:

R =LE+P +A. (1)

The value of R is considered to be positive if it designates an inflow of
beat to the underlying surface, ang)a.'].l other values are positive if they
designate the expenditure of heat.

The scheme of heat streams included in the equation of the heat halance
is shown in fig, 1,

Figure 1

Scheme of the heat balance of the
earth’s surface.

Regarding those components of heat balance which have not been included
into equation (1), a more considerable value could be attributed to the
expenditure of heat for melting of smiow or ice on the earth's surface { or
to the gain of heat from water freezing processes). However, for longer

2771t 1s necessary to mention thal in many pepers a different system of
signe {+ and - ) is used for the heat balance, due to which all terms of
heat balence equations have the same sign according to gain or loss of
heat. Such a system of designating, elthough more logical,cen lead, how=
ever, to some inconveniences. According to the system of determining the
slgns, the loss of heat by evaporation and turbulence from the earth's
surface to the atmosphere is negative. But this contredicts the ususl
practices.

period averages (for a year or 50), the latter value, as a rule, is con-
siderably smaller than the main components of the balance, and only for
some cases (for instance, the periods of snow melt in the middle and upper
latitudes) should this value be included into equation (1) as an additional
term.

The other components of the heat balance - heat streams originated by
dissipation of mechanical energy of wind, of wind waves, tldes,and currents,
the heat flux (positive or negative) transferred by fall of precipitation
which has a different temperature than that of the underlying surface, as
well as the expenditure of heat for photosynthesis, and the galn from
oxidation of blological substances are usually considerably smaller than
the main components of the balance, and this is true for averages obtained
for periods of any length.

Exceptions from this rule are possible, (as for instence in case of a
forest fire, when great quantities of heat accumulated formerly by the
process of photosynthesis are rapidly discharged) but are relatively rare,

The problem of accounting for the effect of heat advection must be con-
sidered separately., In some investigations, suggestions have been made to
introduce into equation (1) en additionel componment representing the ad-
vective inflow of heat to the underlying surface. Therefore, we would like
to give some simple considerations which will illustrate how wrong this
point of view is, and also explain the relation between the horizontel
transfer of heat and the heat balance components (Budyko, 1949b /427 ),

The equation of heat exchsnge in the lower layer of the atmosphbere, in
the presence of a horizontal transfer of heat, will be:

a4 a8 dJ a8
T I k)

(2)
where ©— is air temperature, x— horizontal ordinate, directed according
to wind direction in the lower layer of the atmosphere, z — vertical
ordinate, # —wind speed in the lower layer of the atmosphere, f — coeffi-
clent of turbulent exchange, ¢ — time,

Inicgrating equation {2) by z we obtain the following equation:

A =z
26 a6 P at
Wdz+fu5x¢z—-ﬁ=rzﬁ, 3

P o a

where ¢c, - is the constant of integration, equel to the heat flux be-

tween the underlying surface and the atmosphere divided by the velue of

air density and heat capacity.
The direct effect of horizomtal heat tramsfer on the heat balance of
an air layer is represented by the term “ £ dz the megnitude of
“ox

this member depends, to a considersble degtee, on z ; i,e,, on the helght

of the analyzed layer, Computing the belence for the.eertht's surface, 2

mist be spproaching zero, and consequently the term /',‘g; dz will become
J oz

3
zero { 4 and —g; are finite velues). Since the term Z—zdz will also be
8



equal to zero, the heat exchange between the earth's surface and the at-
mosphere atz — 0 will be determined only by term 4 9%, which shows the
vertical heat flux., Estimating the order of magnituded‘of the components
of aquation (3}, it could be esteblished that, even for the lower layer
of the atmosphere, 10-100 m thick, the terms [ 0 gz and Ao

x J e

are usually so much smeller than the term #& g—g‘ %, that they cbuld be neg-
lected. Thus, the horizontal transfer of heat bas no dlrect effect, either
on the heat balance of the earth's surface, or on the heat balance of the
air layer near the ground.

This statement does not contradict the fact that a conslderable effect
1s exerted by the horizontal heat transfer on the heat balance of the
earth's surface by changing the values of the components of the balance,
such as: the radiational flux, the turbulent flux of heat, the expenditure
of heat for evaporation, ete,

The effect of horlzontal heat transfer in the hydroaphere on the heat
balance could be explained in a similar wey. In this case, the effect of
horizontal transfer produces only some changes in the vertical flux of
heat A, and also, in the other components of the balance.

In the equation of heat balance {1), the components of the balance re-
presenting the heat streams could be substituted by their sums for the
period of time £ Then, we will obtain an equation which will coincide
with equation {1):

R=LE4P+A, (4)

where the values withdut primes show the sums of heat for the analyzed
period of time,

The sum of the radiational flux of heat at the level of the earth’'s
surface (be it positive or negative) is usually called - the radiation
balance,

The radliation balence value is equal to the difference between the
amount of radiatlion absorbed by the earth's surface and the amount of
effective outgoing radiation,

R=Q+nU—a)—/, )

where:Q - 1s the sum of direct radiation, ¢ - the sum of diffused radiation,
@ - albedo, 7 ~ the effective outgolng rediation (the difference between
incoming and outgoing heat amounts on the earth's surface, which is de-
termined by radistion from the eerth’s surface and counter radiation of
the etmosphere).

Many authors have already poilnted out, and rightly so, that the term
"radiation balance" is not very good, since the word "balance" in this
case does not have its usual meaning, and accounts for only one category
of energy - the radietion energy. Even so, the application of the expres-
sion "radiation balance" is especlally inconvenient to use in the study
of heat balance, since these similar terms have an entirely different
physical meaning {for instance, the radiation balance usually is not equal
to zero, whereas the sum of the components of heat balance always equals
zero, etc.); however, at the present time, 1t would be very difficult to

discerd this term, since it has been so largely used in all hydrometeorclo-
gical studies.

The amount of heat exchange between the active surface and the lower
layers A can be determined by the other heat balence components of the
upper layers of the lithosphere or bydrosphere. The heat balence equation
for & vertical column with the upper limit on the earth's surface, and the
base at a depth where the annual veriations of temperature cease, will be:

A=B-+F, 6)
where A - 1s the heat exchange between the columm and the active surface,
F - the heat exchange between the column end the amblent space of the
1itho or bydrosphere in a horizontsl direction, B - the change 1n heat
pmount inside the column during the given period of time, {fig. 2).

t
i
l
1

Figure 2

Scheme of the heat balance of the
upper lithosphere or hydrosphere
layer.

Vertical heet exchange through the base of the column could be essumed
to be equal to zero, since the heat flow from the depth of the earth is
usually negligible in comparison with the principal components of the heat
balance.

In the lithosphere, the value F, as a rule, is insignificant, since
the mean horizontal gradients of temperature in soil are very small,
Therefore, for the.land, we have A=5. Due to the fact that, on the aver-
age for the year, the upper leyers of soil are neither warmed up nor cooled
off, we must assume that long term annual mean values for the land are
A==8=0.

In the heat balance of more or less signiflcent water reservoirs,
analyzed as a whole body, the values of 4 are also very close to B, since
the heat exchange between the reservoir and ground is usually insignificant
in comparison with the principal components of heat balance.

However, for some portions of the oceans (lakes and seas), the values 4
and B might be very different, since in thls case a redistribution of
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rather large quantities of heat in a borizontal direction might be affected
by currents and by macroturbulent exchange.

Consequently, under such conditions, the mean annual velue of heat ex=
change between the active surface and the lower layers will not equal zero
but will be equal to the sum of heat which is gained or lost through cur-
rents and macroturbulence by the vertical colum extending through the
hydrosphere (1i.e.,4=F).

Thus, the equation of heat balance for the land, for the mean snnual
period, will be: R=LE+P, @

end for the ocean:
R=LE+-PHF. (8)

In some cases, equations (7) and {8) could be simplified., Thus in
deserts, where the amount of evaporation is close to zero, equation (7)
will simply be: R=P

For the world's ocear as a whole, where the general redistribution of
heat by sea currents, due to recompensation, is zero, equation (8) is
transformed into: R=LE4P.

Concluding our analysis of tbe problem of heat balance equations for
the earth's surface it should be noted that when these equations are ap-
plied one must keep in mind that the conception of the "earth's surface"
is somewhat conventional (sometimes it is called the "active surface,” or
the"underlying surface"). Actually, the "surface" processes of solar
energy transformation are developed not on a two dimensional surface, but
inside a leyer of some thickness, as for example, when the processes of
heat expenditure for evaporation on the mainland take place, or when water
reservoirs are absorbing the solar energy, etc. The "active layer” reaches
a considersble thickness in places with a high vegetation {especially so
in forests).

However, even when dealing with an active layer of considerahle thick-
ness we can use the concept of the active surface and it will not lead us
into any noticeable inaccuracies, especially in studies of the components
of balance where longer periods of time are averaged, But in single cases
(studying the rapid changes of the components, etc,) it would be more ex-
pedient to use the concept of an active layer instead of the active sur-
face.

To derive a heat balance equation for the system earth-atmosphere (i.e.,
the balance for the whole outer geographical medium) we must analyze the
gaine and losses of heat energy in the vertical colwm that extends through
the whole atmosphere and upper layers of the hydro and lithosphere down
to those levels where seasonal and diurnal varietions in temperature cease.
In our computations we will use the sums of heat streams for a certein
period of time f.

The exchange of heat between the column and the outer space will be
characterized by its radiation balance R, which actually equals the
difference between soler radiation absorbed by the whole column and the
total long-wave cutgolng radiation from this column quring the analyzed
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period of time (fig. 3 ). The radiation balance of the system earth- at-
mosphere may have a different sign, and we will consider the value R, as
being positive, when it shows that heat is gained by this system,

]
’
=t LE, -
e —~ hydrosphere
~ .
= —i- R
Figure 3

Scheme of the heat balance of the
earth - atmosphere
systenm.

Extending this column deeper into the lithosphere or hydrosphere dowm
to those layers where the thermal regime is no longer affected by varia-
tions of meteorological factors, we may assume that the iInflow of heat
through the base of the column is practically absent, it equals zero.

The inflow of heat through the lateral surface of the colummn is deter-
mined by the horizontal transfer of heat in the atmosphere and hydrosphere.
The difference between the gain and loss of heat due to the transfer of
heat in the atmosphere is presented in fig. 3 by the arrov C, a(.nd the
similar characteristic for the hydrosphere - by arrow F,

Besldes the heat exchenge that occurs through the surface or the column,
there are some other factors thet also affect the heat exchange, namely
some sources of heat {positive or negative) located inside the column,
Among them, a greater significance is attributed to the surplus or
deficiency of heat, which is associated with the changes of water phases
and especially by the process of eveporation and condensation,

The gain of heat from a tion pr in the a h (the dif-
ference between the gain of heat from condensation of water vapor, and the




loss of it for evaporation of water droplets in the atmosphere) over e suf-
ficlently homogeneous surface is approximately equal to the giodut:t of the
latent heat of evaporation L and the sum of precipitation r .2’ The ex-
penditure of heat for evaporation (the difference between the loss of heat
for evaporatlion from the surface of reservoirs, from vegetation,from soil,
and the gain of heat from condensation on these objects) is equal to LE .
The general influence of condensation end evaporation on the heat balence
of the colum could be approximately expressed by the value L(r—E).

Among the other heat balance components of the column, the change in the
heat content inside the column, that occurred during the period for which
the values B, have been suimua_rized, should be taken into account. The other
components of the balance (the gain of heat from dissipation of mechanical
energy, the difference between the amount spent for ice melting and the
gain from ice formation processes, the difference between the loss of heat
for photosynthesis processes and the gain of it from oxidation of the or-
ganic matters, etc.) are usually insignificant in the heat balance of the
earth-atmosphere system and could be omitted.

The equation of the heat balance of the earth-atmosphere system will be:

Ri=C+FH+L(E~r+8B,, )

in this instance, we will assume that all the terms on the right side are
positive in case they show the expenditure of heat. For the average snnual

period the value B;'vill, approximately, be close to zero,and equation (9)
will be transformed into:

Ry=CHF+L(E—~1). (10)
For the mainlend this equation will have a simpler form:
Ri=C+L(E—r). [T}

Since, for the earth as a whole, £—,, and the horizontal transfer of
heat in the atmosphere and hydrosphere in total is » approximately, equal
to zero, the heat balance equation for the whole outer geographict;l medium
will assume a simple form of:

R,=0. (121

The radiation belance equaticn of the earth-atmosphere system R, is

similer to the radiation balance equation for the earth's surface (5):

Ri=Q.(1—3)—/, (13)

where Q, — is the short-wave solar redlation received on the outer boundary
of the atmosphere, a,—albedo of the earth-atmosphere system, /, -- total
long-wave outgoing radiation into outer space, ‘

The heat balance equation of the atmosphere could be obtained by sum-

37 The galn of heat from condensation 1n the atmosphere e equal to the
difference between the gain and loss of heat which is assoclated with c;m-
densatlon and evaporation of water drops in clouds and fogs. Upon a more
or less homogeneous surface the difference between the sums of condensation
and evaporation in the atmosphere s obtained as the averages from long
periods, is equal to the amount of precipitation. But this might not hold
for regions of a dissected terrein and also for some short time intervals,
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ming up the relevant heat streams, or simply, by teking the difference be-
tween the heat belence of the earth-stmosphere system and the earth's
surface,

Assuming thet the radiation balance of the atmosphere is:

R,=R,—R,
and the change in heat content of the atmosphere is:
B,=~=B,—B,
we will find, thet
R,=C—Lr—P+48,, (1

and for the average annual period
R,=C—Lr--P. (15)

In meny calculstions, slong with the heat balance equetions, we will have
to use the equation of water balance also.

The equation of water balance for the land surface is the expression
of the condition when the algebrailc sum of all forms of gain epd loss of
solid, fluld, and gaseous water recelved ty a horizontal surface from the
ambient space during certain time intervels is equal to zero.

This equation will be:

r=E£+f,+m, (163

vwhere r-— 1s preclpltation, F.- the difference between the evaporation
and condensation on the earth's surface {usuelly called just evaporation),

fu— the surface runoff,m —moisture exchange between the earth's surface
snd the lower layers. The value /M - is the algebraic sum of the grevi-
tational flux of fluid moisture from the soll surface into the deeper
layers, the vertical flux of the film-moisture between soll layers of
verious moistening, the vertical flux of water vapor, flux of water which
is raised by the roots of plants, etc., obtained for the analyzed period
of time.

Equaetion (16} is more often used in some modified form, which could
be derived by considering the fact that the vertical fiux of moisture m
1s equal to the sum of the underground runoff f,and the chenge of water
content in the upper leyers of the lithosphere 4 (this equality corre-
sponds to the equation of water balance of the vertlcal columm that ex-
tends through the upper layers of the lithosphere down to depths where
moisture exchange 1is practically absent).

Keeping in mind the fact thet the sum of the surface runoff f,and
underground runoff IA is equal to the full runoff f, we find:

r=E+f+b. an

Equation (17) can also be used for celculating the water balance in water
reservoirs or in some portions of them. In this case, the value f will
characterize the redistribution of water in a horizontsl direction for the
snalyzed perlod in the reservoir 1tself and in the lower layers of the
ground (if there is sny noticeable redistribution of moisture)}. Similarly,
velue p , If taken for the reservoir, would have to determine the total
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change in vater quantity in the reservoir itself, end in the lower layere as
well, if there was a noticeable change in moisture content. Practicslly, in
many céses value b 1s determined for the water reservoirs by the change of
water level. For the average annuel value b 1is often very small, and
therefore, the equetion of the water belance will be:

r=F+f. 8)
For the whole globe the horizontal redistribution of moisture equals

zero, and therefore the equation of water balance will have the simple
form:

9

The equation of water balance has the same form, for the year, in those
portions of land where no runoff is observed, including deserts.

In closing, we will give the equation of water belance in the atmosphere.
By adding up all categories of the gain and loss of moisture in the vertical
column which extends through the atmosphere, we offer the following equation:

E=r4-C,, (20)

where (— is the amount of molsture which is gsined or los} by the vertical
column as effected by air currents and by the horizontal turbulent exchange;

b, is the change in water content of the column during the analyzed
period of time.

Since the etmosphere can contain only relatively small quanti‘cies of
water in any of its phases, the value of &, is usuelly much smaller than
the other components of the balance. The average annual value is close to
zero.

The equations of heat and water balance, which lLave been given here
actually represent the basis for all constructions and derivations outlined
in this monograph.

§2, General review of investigations on heat balance of the earth's
surface

The formmlation of the heat balance investigations", problem belongs to
the outstanding climatologist and geogrepher, A.I. Voeikov. In recent
litereture we freguently find the citation of this remarkably deep state-
ment by A.I. Voelkov, vhich concludes the first chepter of his monograph -
The Climates of the Terrestrial Globe, (VoeTkov, 1884 /B87): "I think
that one of the most Important problems of physical sciences at the present
time is - the bookkeeping of solar heat amounts received by the earth with
its gaseous and fluid envelopments. <)

" We have to know: how much of solar heet is received at the upper bound-
aries of the atmosphere, how much is spent, for heeting of the atmosphere,

4) TItalies by A.I. Voelkov.
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for the water vapor change of state contained in the atmosphere; and
further on, what is the quantity that reaches the land surface or water
surface, what quantity is spent for heating of various bodies, and what is
spent for the change of their state (from the solid phese into fluid, and
from fluid into gaseous), for the chemical reactions, especially those
connected with organic life; further on, we have to know how much heat is
spent by the earth through radiation into outer space, and how it happens;
i.e., how much of it occurs on account of a decrease in temperature and
how much on account of changes in the state of bodies, especially of water,

The difficulties in achieving this goal cannot scare the scholars, who
understand the wide problems of science. It cannot be done in one century.
Therefore, I assume it is useful to state this very comprehensive problem
in full size, hiding nothing of the huge difficulties involved in obtaining
not only the complete solution but even in finding some approximate answer.”

To estimate the importance of these thoughts of A.I. Voeikov, it must
be remembered, that in those times when The Climates of the Terrestrial
Globe was being prepared, (the eighteen eighties) the problem of the solar
energy transformations occurring in the outer geographicel medium was almost
completely untouched. Mpre or less systematlic actinometric observations
were started only at the end of the 19th century, and the earliest attempts
of calculating the incoming solar energy to the earth's surface were not
¥nown by Voelkov when he was writing this monograph. 5 Nevertheless,
Voelkov has not only correctly formulated the main problems in the study of
heat balance, but with a scientific optimism, so typicel of him, he pre-
dicted with confidence that the huge difficulties in solving these problems
would be successfully overcome, ’

In many investigations done by A.I. Voeikov, various concrete questions
associated with the study of heat balance have been analyzed. For instance,
in The Climates of the Terrestrial Globe ... Voeikov has pald much atten-
tion to the calculation of the annual variations in heat content of lakes.
These calculations permitted him to draw some conclusions about the in-
fluence of water reservoirs on climatic conditions in various regionms.

In his work The Heat Exchange in the Outer Coating of the Terrestrial
Globe (1904 [€9/) the question about the climate-forming effect of the heat
exchange in soil and weter reservoirs is analyzed in detall, Many ideas

of Voeikov, outlined in this work, have not lost their scientific im-
portance, even up to now. It is enough to remember, for one thing,
Voeikov's statement about the exceptionally important conception of the
outer active surface and his deep analysis of the relationship between the
heat-exchange and the annual and diurnal variations in temperature.

However, it is obvious that any, more or less comprehensive, investi-
gations of the heat baslance on the earth's surface could be started only

5>F  The work of Angot, 1883, the first investigation of the laws gov-
erning the incoming solar energy to the earth's surface could be utilized
by A.I. Voeikov only when he was preparing the second edition of The
Climates of the Terrestrial Globe published in 1887.
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after an effective method for determining its prineipal components had been
suggested.

The development of methods for determining the components of the halance
has been started in two principal directions: 1) designing of special in-
struments for measuring the separate components of the balance, and 2)
development of methods for calculating the components proceeding from theo-
retical conceptions and using ample data of regular hydrometeorological
observations.

The first stege in the development of metheds for determining the com-
ponents of the balance, based on application of speciel instruments, was
closely conmnected with the development of actinometric investigations.

Works of our scientists were of great importence ir creating the sci~
entific actinometry. 8o, in particular, a great advance in development of
sctinometric observations was made when 0.D. KHvolson invented his actino-
meter. Systematlc observations of direct solar radiation were started
with this instrument at Pavlovek in 1890. The possibilities for measuring
the solar short-wave radiation were greatly expanded when K,D. Angstrém
invented the pyrheliometer in 1895; V.A, Mikhel'son designed a perfect
actincreter in 1906; in 1910-1911 S.I. Sevinov improved the actinograph
of Crova (Kalitin, 1950 £12_27) and a series of other actinometric instru-
ments were developed. Much later, at the end of the nineteen thirties,
the more or less acguratg measurements of scattered radiation could be
secured after the IU,D. TAnisheyskii pyrenometer was introduced in 1934,
(It is described in TAnishevskilts paper 1951 /2487).

The progress achieved in improvements of actinometric instruments con-
tributed to a rather rapid expansion of the actinometric network observing
‘the flux of short-wave radiation.

Before the Great October Social Revolution in Russia, actinometric ob-
servations were being teken only at five points, but afterwards, at the
end of the nineteen thirties, these observations were carried on at sev-
eral scores of stations (Kalitin, 1947 ﬁzy). The actinometric network
of the world has grown especially fast during the last decade.

The development of the actlinometric network could be characterized by
comparison of the consolidated tables of actinometric observations that
have been published annually. So, for instance, the paper by Kimball that
was published in 1927 and 1930, contains the mean values of total radiation
obtained at only 32 stations, located in various regions of the world. 1In
Gorezineky's paper of 19L5, observations of 58 stations are given, In the
first summarizing paper by T.G. Berlitnd (1949 /267) the mean values of
total radiation are given for 85 stations, and in the second paper (Ber-
1i&nd, 1954 /2B])- for 139 stations. Even though, the last number is many
times less than the number of meteorologicel stations taking ordinary ob-
servations, nevertheless, at the present time, & direct generalization of
avallesble data on actinometric observations could be done and could be
utilized for obtaining some climatological conclusions,

However, it must be stated, that up to the present time, actinometric
observations for most of the stations have been limited to measurements
of the flux of short-wave radiation.

The measurements of long-wave radiatlon, and especially that of the
effective outgoing radiation, were associated with considerable methodical
difficulties and therefore they were sterted much later than the measure-
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ments of short-wave radiation,

The first instrument that was used for more or less systematic measure-
ments of the effectlve outgoing radiation, was the pyrgeometer of K. Ang-
strdm designed in 1905 (Angstrbm, 1916), Later on, many investigations
established that the ohservations made with this instrument usually con-
tained fairly large errors. Many authors have tried to improve the cone
struction of instruments measuring the effective outgoing radiation, but
up to recent times, the resulte have not been quite satisfactory. Only
recently, some instruments have been constructed, although not without
defects, hut still permitting measurements of effective outgoing radiation,
without any great principal errors, and not only at night but also during
daylight hours. The existing instruments for memsuring long-wave radiation
vere used for observations by stations and by expeditions » but results ob-
tained are still too scarce in volume to warrent eny climetological general-
izations. Still, these data are valuable in verifying various calculastion
metnoda for determining the effective outgoing rediation. More detaile
on this are given on pp. 43-B6{pp.tO-4b4 of this translation).

More or less relisble instruments for direct measurements of radiation
balance were constructed not very long mgo, The first steps in this di-
rection were made in the nineteen twenties by V.A. Mikhel'son, and later
I.G. Liutershtein end A.A, Skvortsov, Later, IU.D, IAnishevskii and F,
Albrecht devoted much effort for the development of a balance-counter.

As a result of long years of investigations,IU.D. IAnishevakifhas designed
a rather simple construction of a balance-meter, which permits the measure-
ment of radiation baelance values without any large principal errors
(fAnishevskii, 1949 /2477). During recent years, Albrecht suggested sev-
eral improvements of this instrument {Albrecht 1933 and others). Most re-
cently a new construction of a balance-meter_has been suggested by D.L.
Lalkhtman and N.B. Kucherov {1952 LISS & 1517)- We will pot cite further
the constructions of balance-meters, but will mention the fact that in-
struments for direct measurement of radiation balance are now being ex-
tensively used by expeditions investigating the amelioration of climate

in the lower layers of the atmosphere, and for other problems in physies

of the alr layer near the ground. For stationary observations, the ap-
plication of the balance-meters has not been very wide as yet. Conse-
quently, the observational material obtained through belence-meters is,

at the present time, very scarce, and at any rate, it is considerably
smaller then the amount of observations on the effective outgoing radiation.
For this reason, the date of direct readiation balance measurements could

be used mainly for investigation of physicometeorological regularities
and in solving various methodical problems, The applicetion of these data
for comparison of climatic conditions in various regions still involves
considerable difficulties,

Methods for direet measurements of other components of the heat balance
of the earth's surface, and especially of the expenditures of beat for
evaporation and for turbulent heat exchange, are much less developed than
those for measurements of the components of rediation balance,

Since the latent heat of evaporation represents a well lmown physical
velue, there is always a possibility to find the amount of heat lost on



18

The
the earth's surface.
suring the evaporation from orimeters
?:imiz: ?irmgztermining evaporation from land suri:t;iz gﬁ::ﬁg g
or? various makes) were belng developed by numerous aubeen applicd for -
riod of time. Some of the soll evaporimeters have
g:rvation by some hydrcmeteorclcsical stations. o relatively scarce and,
Data on evaporation obtained by evaporimeters ::e T e From con-
ag it has been pointed out by ;z;ny :u:‘:or:},let}sz?i'l T porimeters a1 not
ic errors. erefore, S o erom the
Eiderabliegyzze?:niversal method for determining the eV&P";&z:"gete:_mine
beiic::f'face. various kinds of evaporimeters have beegslsfm e a180 con-
ige evaporation from water surfaces. However, these olar b clmtological
tain some errors, and are insufficient to warrent eny & )

. terminin
sen;ﬁti::‘io;zus’ meny authors have used gradlent methods for dete 4
evaporation and the loss of heat associated with R;,ian oceeding £rom

These methods involve the celculatil?g of evapor: o ax’;eously ing
measurements of vertical moisture gradients, and s ‘Ju.unt e e Another
into account the values of the coefficient of turbule! e the 50

o tion of the gradient method for determining evaporat (in Ls U oe for
Zfl;:d belance-method; this determines the ev:por?tiéon o;atﬁie o o romtalsy
i empe:

measuring the vertical gradients O v "

i:a};::&ggnlzer neer the ground, and by messuring the rediation ‘balanc
e in soil.
BndT::atr:;.{i:::smethod also permits us to determine the magn;t\::: lc;ia;he
turbulegt heat flux - one of the most difficult components 0
i t measurement.
b“ﬁﬁ;ﬂ:ﬁ i;:i: with gradient methods made in the .USSR (Buiy\;g,[]s;%‘}ﬁ.a
[ iaven (3; mimteev, 1958 (B3 o, 1 vy othare) and
Instructions, edited by Rusin, a
gzgoi’t:'zd Thornthwaite and Holzman, 1942; Holzman, 191+3},i w:e;mih:the 9
have corroborated ‘the great importance of these methods. o:; r ;_ -
bservations needed for determining the components of heat b andr “a
;rzdient methods are still very scarce; since the 1:etwork of hydro
hem as yet.

i tations has not been teking t N
omﬁﬁ;gﬂot:ei methods for g direct determination of heat balam}:)e c())m hould
ponents, the idea of B.A. A zenshtat (1948, 195tf 2 zf’e %Zl a.\;isct)t erit:‘mhh

4 igns se rume!

. This author suggested designi
‘:al;:izti:eo:zmonents of the heat balance (including heat exchange between
the ective surface and atmosphete) by the method of compenz?zj:on. I

Ai}z:enshtat's instruments have been used by several expeditions,

67 Imeter designed by M.A. Rykachev {1898

Do sogebpeI;:z:;ltg:a:!:ggf Data of o%Zervations obteined by these
[i92_7 vastus:nd ilso by some other eveporimeters have been subsequently
instru::g 5(Data of observation on evaporation ... 1939 and others)..
Plu)blisu.umari of observations with water evaporimetex\;s and evaporation re-
sex-vo?rs aree:vailable in papers published by B.D. Zalkov (1949 50_27) R
Follansby (1933) and others.

19

teresting results were obtained. But regrettably, the Ai‘/zenshtat method

is best fitted for determining the components of the balance of the active
surface without vegetation. Quite recently, s new instrument for measuring
turbulent heat flow has been suggested by N.V, Kucherov {1952 [3_5_];7)- In
many respects it is similar to those suggested by B.A. Afzenshtat

The great progress in experimentel meteorology bas made it possible, at
the present time, to meesure all the principal compcnents of heat balance
in verious physiographical reglons. However, these observations are usu-
ally insufficient for making any lerger climatological generalizations,
since these speclal observations were teken mainly during the course of
some special investigations and are not included in the program of ob-
servations taken by the hydrometeorologicel network except for short-wave
radiation measurements,

Therefore, at the present time, methods for determining the components
of heat balance from date in standard meteorologlcel observations are of a
great importance.

The first calculations of the components of heat balance determined the
changes of heat content in limited water reservolrs and in the upper layers
of soil. Similar calculations,yhich are relatively simple, have heen made
in the lest century by A.I. Voeikov, Ferrel and others. Among the works
in this direction, the investigations by Homen (1897) must be pointed out.
He was the first to compare the diurnal heat exchange of a granite rock
with those of a peat meadow and of a sandy soil.The results obtained by
Homen have been cited many times in various meteorologlcal texthooks,

The first fundamental investigations concerning the calculations of the
transformation of solar energy in the atmosphere were published at the end
of the 19th century. They include the above mentioned investigation by
Angot on determining the amount of short-wave radiatlon which reaches the
earth's eurface in various latitudinal zones of the globe.

However, the first calculations of the components of heat balance on the
earth's surface have only been accomplished in the first few years of the
20th century. Of great importance, for the investigation of heat balance,
was the work of W. Schmidt (1915). Using the celculation methods, he de-
termined the mean annual values of heat balance components for the latitu-
dinel zones of the ocean in the Northern end Esstern hemispheres, including
calculation of the meen quantities of heat, for each latitude, which are
transferred inside the ocean in a horizontal direction as & result of sea
currents and macroturbulence. Though the calculation methods used by
Schmidt were rather rough, (especially that for determining the loss of
heat for evaporation and turbulent exchange) nevertheless he managed to
ottain a proper order of magnitude for the principal ccmponents of heat
balance, .

It must be mentioned here that, Schmidt was the first who tied up the
calculations of the compcnents of heat balance with determination of water
balance in the world oceans,

Among ell subsequent investigations of heat balance it is proper to
mention the works of A. AngstrBm. In e paper published in 1920, Angstrém
determined all the components of heat balance for a limited reservoir -
the Lake Vassi Jaure in Sweden. Simultaneously, he essentially improved
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the methods for calculating the components of radiation and heat balances,

though the problem of calculating the amounts of heat lost for evaporation

and turbulent exchange has not been successfully solved by Angstrém without
using a rather conventional hypothesis.

In 1925, Angstrim published a paper (1925b) containing the results of
calculations of all components of heat balance in the Stockholm region for
all months of the year, The principal defect of this, in many respects a
very valusble work, was the nmeglect of the use of reflected radiation in
determining the radiation balance for the warm season. Annuel and monthly
values of radiation balance without this principal error have been cal-
culated for the first time by Savinov for Pavlovsk, Thesi calculations
sre published in the Course of Gecphysics by F.N. Tverskol (193k /2167).

For development of investigations on heat balance of the seas, the
papér contributed by V.V. SHulelkin (1935 [51&9_7) wes of great importance,
In this work, for the first time, the compopents of radiation balance of a
single sea (the Kara Ses) were calculated by using the results of special
observations end of some calculations. v

Having determined the components of the heat balance, SHuleikin also
demonstrated the great importance of the warm current affecting the thermal
regime of the Karg Sea, This conclusion was confirmed later by direct ob-
servations (SHulelkin, 1941 /2417).

When these works were published, many authors started investigations of
heat balance, and the amount of calculastions of the radiation end heat
balance at various points on land and for water reservoirs grew repidly.

In the work by F. Albrecht (1940) the values of the components of radi-
ation and heat belence were determined for 12 points, 6 of these were lo=
cated in various regions on land, 5 in various regions of the ocean end 1
on a small lake, Using largely the calculation methods for determining
the components of the balances, Albrecht also worked up some data from
special observations, Along with the values of the components of balances
for a month and for an annual period, Albrecht has obtained some data
(though very limited) on diurnal variations of the components of radiation
and heat balance.

Attention mst be paid especially to acme conclusions in this paper con-
cerning the interrelations between the climatic conditions and the regime
of heat balance components,

Among the works done for determining the components of heat balance for
single points on land, the investigation by S.A. Sepozhnikova (1948 /2077)
should be considered, -

S. A. Sapozhnikova accomplished the calculations of the annual and aea=-
sonal values of heat balance camponents for 8 points, in various geograph-
ical zones of the USSR. The anelysis of these materisls on heat balance
has enabled Sapozhnikova to explain some physicegeographical regularities
(for instance, the factors determining the northern boundery of the forest
zZone).

Calculations of monthiy velues of radiation balance at some points in
the Lower Volga region have been carried out by B.M. Galtperinm (1949v [767).
It must be also mentioned that the calculations of radiation balence for
some_regions in the Arctic have been accomplished by A.S. Kaledkina (1939
/1167 )and R.N, SHpekovskaia (19%0 /239/). A detailed investigation of the
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radietion regime and radiation balance in the Moscovw region has been pub-
lished by M.S. Averkiev (1947 /I/). There ere also some works containing
the results of cslculations of the components of radiation and heat bal-
snce for a series of points in Western Siberia, (Orlova, 1954 [I827) for
the Yakutsk region (Gsvrilova, 1954 /72/)and some other points in the USSR,

The calculations of radiation and heet balances of various water bodles
are methodicelly mich simpler than the computstions of heat balance for
the land, and they have been very much in use for the last 20-30 years.

In developing these investigations it was important thet, in the cal-
culations of the relationship between the loss of heat for evaporation
and turbulent heat exchange, the so called "Bowen relationship" could be
used. This relstionship tles up the evaporation and turbulent hest ex-
change on one side with the difference between the temperature of the vater
surface and air, and the corresponding difference in specific lumidity, on
the other. Thbe application of this formla [Ey Cummings and Richardson,
(1927), and others/ has greatly facilitated the determination of heet bal-
ance components from data of ordinary meteorological observations.

Among the works on radiation balance and on the components of heat bal-
ance for vater reservoirs, the investigations of the following authors,
on the heat balance of various seas, mst be mentioned: KH.X. Ulanov -
for the Black Sea (1938 /2227);0. Mertsalova - for the Barents Sea (1938
/I707);V.V.Timonov and P.P. Xuz'min - for the White Sea (1939 /2177); N.T.
CHernigovskil - for the Arctic Seas (19%0a, 19%0b /230 & 231/); L.F.
Rudovits (1927 /I977); snd I.A. Benashvili (1941 /20/) - for the Caspien
Sea; B.D. Zaikov -"for the Arel Sea (1946 /1017); BIA. sH1{amin - for the
Azov Sea (1947 /238]); A.F. SHishko - for the White Sea (1948 [Z37/); K.I.
Egorov - for the Red Sea (1950 /387) end others.

In modern literature on the heat balance there are also some investi-
gations concerning the heat balance of the ocean's surface. Mosby (1936)
has compiled the radiation balance for the latitudinal zones of the world
oceans, and determined the smount of evaporation from the oceans. At the
beginning of the nineteen fortiea the first attempt was made to construct
maps for the components of heat balance in some regions of the world
oceans. Jacobs (1943) and Sverdrup (1945) designed schematic maps of the
components of heat bslance fq the northern portions of the Atlantic and
Pacific Oceans. Albrecht (1949, 1951) computed the components of heat bal-
snce for the Pacific and Indien Oceans and constructed a series of maps
showing the distribution of the balance components for single months and
for the year.

The computations of the components of water balance for the region of
the Gulf Stream were published by Konoplev (1953 /T38/). Sauberer and
Dirmhirn (1954) mede computations and constructed maps of radiation bal-
ance for the oceans of the Northern Hemisphere for four single months -
March, June, September, and December.

The heat balence of lakes and evaporation basins has been studied by
Cwmmings and Richardson (1927), Richardson (1931), Cummings (1936), L.N.
Demchenko (1952 /907),Sauberer (1953) and others. Investigations of the
heat balance in artificial reservoirs have been carried cut by A.P.
Brnshvskifund %.A. Vikalina (1954 /337).
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Some works, which have contributed some improvements to the calculation
methods for determining the components of heat balance, must be mentioned
here too. Among those works are the investigations by A. Rngstrém (1922)
and S.I. Savinov (1933 /202 &2037) desling with methods for calculating
the total short-wave radiation.” Methods for celculating the long-wave
radiation thet first were suggested by Angstrém (1916) and Brunt, (1934}
were developed later in the theoretical investigations by K. IA. Kondrat'ev
(1949a, 1949b /133 & 1347 etc.), by M.E. Berlfand and T.G. Berliind (1952
@kﬂ, by T.V. Kirillova (1951 /1267), in an experimental work by Bolz and
Falkenberg (1949) and in e series of other investigations.

During the last 10-15 years the calculations and experimental investigations
of heat balance on the earth's surface have been videly extended, stimulated
by rapidly growing demends and requests for this type of data to meet the
needs of ell hydrometeorological sciences.

In meteorologlcal researches the date on heat belence are now used in
calculating the transformation of air masses. Works along these lines
include the investigation of V.G. Kastrov (1533 /124/) dealing with the
physggal mechanism of drought development, and also some works by M.E.
Berliand (1952, 1953 ete. /22 & 237) and M.V. Zaverina (1953 /I007) in
which the calculations of the transformation processes are assoclated with
development of methods for the forecasting of thermsl regimes,

Among tbe agrometeorological investigastions in which deta on heat bal-
ance have been utilized are the works by Sapozhnikova. In one of her re-
searches (1948a /206]) the calculations of heat balance for a cultivated
field made it possible to obtain valuable practical conclusions about the
reasons that prevent the extension of grain crops in a northerly direction.

In vorks accomplished under the supervision of S.A. Sapozhnikova (as,
for instance - Climatological date for the region betveen the Volga and
Ural rivers, 1951), end also in investigations of V.V. Orlova {195% 71827)
the dats on heat bslemce are used in explaining the laws governing the —
egrometeorological regime in various regions of the USSR.

The most recent investigations of amelioration of climste have slso been
based mainly on heat balance data. For instance, in works by M.I. IUdin
(Budyko, Drozdov, L'vovich, Pogosian, Sepozhnikova and 0din, 1952 /567,
D.L. Leikhtman (1953 /156/) snd other euthors, the deta on heat balsnce
are used for calculating changes produced by irrigation in the hydro-
meteorological regime.

The calculations of heat balance components have also been used by M.I.
TUdin and by the author in works dealing with methods for evaluating the
hydrometeorological effect of the forest shelter belts (Budyko and ldin
1951, 1952 /B2 & 637) and in other works by the suthor which will be ’
mentioned in chapter V.

It mist be roted, that considersble progress in the study of hydromete -
orological effectiveness of ameliorative measures, made on the basis of
heat balance investigations, has been achieved by the complex expeditions
sponsored by the Centrel Geophysical Observatory and, particularly, by
the expedition to Kemennald Step' in 1951 (hesded by Prof. D‘rozdov3 and.
by the expeditiog to the irrigated oasis of Pakhta-Aral in 1952 (headed
by Prof. D.L. Laikhtmen). Results of ohservations gathered by these ex-
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peditions (Trudy GGO, no. 39, 1953 and no. 4O, 1953) and stationary obser-
vations organized and carried out by specisl agrometeorological stations
have shown that the accounting of the heat balance regime is of paramount
importance for estimating the effectiveness of the ameliorative measures.

Accordingly, in numercus modern investigations, the date on heat bal-
ance have been used in selecting the most effective construction of field
protective shelter belts; in eatimating the effect of irrigation on the
climate of the layer near the ground; in studying the dependence of water
amounts, needed for irrigation, upon weather factors; ete.

Among the theoretical problems in modern meteorology that could be
solved by using data on heat balance of the earth's surface, we will point
ou}the vgrks on the theory of climate (L.R. Rakipova, 1952, 1953, ﬁ &
1957 ete.).

The utilization of data on beat balance permitted us to verify the
initial hypotheses and improve some of the principel statements in the
theory of climate origin.

Also, heat balence data are used in solving meny questions of dynamic
meteorology, where the equaticn of heat balance is applied as showing the
boundary conditions. Among these investigations are works on the theory
of diurnel variations of meteorological elements, on the theory of local
circulations, etc. Also, data on heat balance are now used extensively
in investigations of land and sea hydrology as well. In particular, the
computations of heat balance are now one of the principal methods for
forecasting tbe snow melt regime. A series of importent investigations
of thie problem has been made by P.P. Kuz'min {1947, 1950, 1951 /1 T, 149
& 1527 etc.). Among other methods of hydrological forecasting that are
based mainly on data of heat balsnce of water reservoirs, the forecasting
of the thermel regime in reservoirs including the forecast of freezing and
melting of water surfaces and the process of ice melting should be men-
tioned,

Data on heat balance are also used in investigations of the hydrological
regime of swamps, including computations of the amounts of evaporation from
swamps; in calculations of the amounts of evaporation and runoff for var-
ious regions; and in studies of climetic conditions of moistening. Works
along this latter line will bte treated in more detail in chapter IV,

Calculations of heet balance are also of great importance in determin-
ing tbe amounts of evaporation from the existing and from planned reser-
voirs. This problem, elaborated in a particular case by A.P. Braalnvski{
and Z.A. Vikulina (1954 /337), is of & great practical importance.

The heat balance calculations of the existing reservoirs that have been
nede in order to allow an evaluation of changes in the hydrometeorological
regime, when accomplishing lerger ameliorative measures, must also be men-
tioned here. These works are directly associated with investigations of
the heat balance of the seas and oceans which,primarily have been made for
clarifying the regularities in the hydrometeorologicel regime of the
analyzed reservoirs. In developing theae investigationa the works of
V.V. SHulelkin vere of great importence.

Data on heat balsnce have been used not only in hydrometeorological
studies but slso in investigations of general problems in physical geo-
graphy. It is obvious, thet in en investigation of the mechanism of
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natural processes and their interaction, it would be very important to
heve certain concepts ebout the geographical regularities in transformation
of solar radiation on the earth's surface, which actually is the msin basis
and source of energy for all natural exogenous processes. Accordingly,
A.A. Grigor'ev has established many relationships connecting the character-
isties of radiation and heat balance of the earth's surface and atmosphere
with the intensity of major physicogeographical processes (his papers of
1937, 1946, 1948, 1951, 1954 /B0, 81, 82, 83 & B84/ etc.). Among the stud-
ies in this direction we will elso note the investigestions done by D.L,
Armand (1949, 1950 /I3 & 147) and by suthor (these will be reviewed later).

A rapid growth of requests for data on heat balance stinulated a con-
sidereble expansion of climatologicel investigations concerning the dis-
tribution of the components of radietion and heat balance.

Up to the middle forties, the climastological regularities of the com-
ponents of heat balance hed not been sufficiently studied, Data on the
mean values of the components of heat balance on land were available in
literature for only e few points, and the accuracy of their calculation
was completely unknown. For water reservoirs, there was more data avail-
able {calculations for some seas and lakes and schemstic maps for some
portions of the ocean surfece); however, for the oceans, there were no
world maps of the distribution of balance components, and the degree of
accuracy of accomplished calculations was oftentimes debatable.

Taking all thls into account, a group of scientists in the Central Geo-
physical Observatory has undertaken deteiled studies of the climatological
regularities of radiation and heat balance. In these studies, attention
has been paid to development of methods for en independent determination
of 8ll comporeuts of heat balance, which would permit en objective veri-
fication of the degree of accuracy of the accomplished computations of
the balance equation. This questicn was first solved for single point
conditions (Budyko, 1946c /37/), and later for s lerge land region--the
southern areass of the European USSR {Budyko 1947 /f&%). Having confirmed,
in this wey, a sufficient reliability of developed methods for determining
the components of the balance, the suthors was able, for the first time,
to construct meps of the distribution of heat balance components for the
meinland's surface.

In ensuing works of the Central Observatory meny other maps have been
designed: seasonsl and annuel meps of the components of heat balance for
the Europesn part of the USSR (T.G. Berlidnd, 1948 /257); ennual maps of
the balance components for the extratropical portion of the northern
hemisphere (T.G. Berlfend, 1949 /267); annual maps of radiation balsnce
for West Burope and for the eastern part of North America (Zubenck, 1949a
Lloj); and some calculations of the latitudinel values of the components
in the Northern Hemisphere have been accomplished (Budyko, 1949b /k27).

Having made all these investigstions, which were to a certain extent
of a preparatory nature, the suthors,T.G. Berliand, and L.I. Zubenck have
carried out a work on designing the world meps of the balance components
for single months and for the year. This series of maps contains indices
of the total short-wave radiation, of radiation bslence on the earth's
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surface, on evaporation and heat losses for evaporation, on turbulent heat
exchange between the underlying surface snd the atmosphere, and also, a
map (for the year) of the heat amounts gained or lost by the ocean surface
as affected by the sea currents. In total, this serles contains 66 maps
vhich show the genersl geographical regularities in the transformation of
solar energy on the earth's surface.

Annual maps of this series have been published in the Marine Atlas,

Vol. 2 (Budyko, Berlidnd, Zubenok, 1953 /50/) together with the explanatory
text in an article (Budyko, Berlfand, Zubenok, 1954a /51/). The whole _
series of maps has been published in 1955 in The Atlas of Heat Balance L127.

Since the world meps of heat belance are necessarily of a schematic
nature, more detsiled maps have been designed by T.G., Berliind and M.A.
Efimova {1955 /227) for the USSR. They show the total rsdiation and radi-
agion balance (monthly and annuel). The latter series contains a total of
26 maps.

In eddition, detailed maps of evaporation and amount of heat spent for
evaporation have been constructed in the Central Observatory for a pertion
of the USSR for single months.

Along with this work, the celculations of diurnal variations of the
radiation balance components in various climatic zones (Biriukova, 1955
/3&7) have been made, and some features in the variations of the components
have been studied.

Evaluating the whole scope of data on the climatography of heat belance
that have been obtained during the recent years, we can say that, st the
present time, the knowledge of the distribution of some balance components
in time and space is not less than that about the basic meteorological
elements (for instance, we now have world meps of total radiation and radi-
ation balance for all months of the year, whereas no similer maps exiat
for such important meteorological elements as precipitation). However, it
must be noted that the majority of heat balance maps sre of a schematic
nature, and their relisbility is not always adequate, especially for
regions with scarce data on the hydrometeorological regime - in higher
latitudes, in the oceans of the southern hemisphere, etc,

When these new data on the climatography of heat balance were obtained
they permitted a considerable expension for the study of climetological
regularities in heet balance end provided new conclusions of & general
nature. Thus, these data, in conjunction with some special studies of
heat exchenge in the atmosphere, provided a basis to refute the earlier
ideas that the atmosphere, by and large,transfers the l}gat to the earth's
surface through & trubulent heat exchange (Budyko end fUdin, 1946, 1948
/B0 & 617). The accomplished calculations of heat balance have promoted,
for the first time, a comparison of quantities of heat carried from the
lower to the upper latitudes in the atmosphere and hydrosphere {Budyko,
1949v /k27).

Without the mention of other climatological regularities, which have
been found by enalyzing maps of heat balance components, we will note only
that, these data have been used in works on the theory of climete mentioned
above; in investigations of the general circulation of the atmosphere
(Usmanov, 1953 /2247 etc.); in works on description of climates in various
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regions {as, for instance, in works of Fedorov and Baranov, 1949; @2_5_7
Orlova, 1954 /1827, and others); in synoptic climatology; &nd also in many
investigations of the hydrometeorological effécts of ameliorative measures,
which have alresdy been mentioned above.

The new data on the climetograpy of heat balance have been used exten-
sively in various physicogeogrephical investigations. Among these are
recent works by A.A. Grigorfev (1951, 1954 /B3 & 847) on the theory of geo-
graphical zoraelity, and also some works by the author (1948b, 1949a, 1950a,
1951b /B0, 41, 43, & 467 end others).

In these works the author has tried to apply the data of the energy bal-
snce to the study of physicogeographical regularities by & deductive method,
on the basis of general physical laws. This method combined with utiliza-
tion of empirical deta snd genmerslizations, grestly expands the possibilities
of geogrephical investigations.

The utilization of data on heat balence has made it possible to estab-
1lish certain regularities and relationships thst exist between the climatic
factors on one side, and the hydrometeorological regime, the geobotanical
zopelity, soil zones, end some indices of the productiveness of natursl
vegetation on the other.

The development of investigestions in this direction reflects the recent
tendency to tie up more closely the sphere of physical geography with geo-
physics, on the basis of more extensive use of the quantitative methods and
physical methods of analysis in tackling the problems of physical geography.
It is conceivable that, a combined use of the physicogeographical and geo-~
physical method of investigation will expand the possibilities of solving
many practical and theoretical problems, related to physicel geography as
well as to geophysics.
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Chepter II

Methods for the Climstological Calculation of the Components of
Hest Balance

In the preceding chapter it 1s stated thet the existing data of direct
observations of the components of heat balance are very scarce and, as a
rule, are not sufficient to warrent more extensive climetologicel general-
izetions, Therefore, the studies of spatial distribution of the balence
components are based, at the present time, principelly on indirect cal-
culation methods, meking use of ordinary meteorological cbservations of
temperature, humidity, cloud amounts, precipitetion, wind, soll and water
temperatures, etc.

The methods of climatological celculations of the heat balance compo-
nents may be more or less complicated, depending on what kind of mete-
orological data could be used in these calculations (wheuher, for instance,
there are availeble data on clouds for various heights or only on total
amounts, etc.). On the other hand, the degree of detelils in the method
used must also depend on the nature of the problem to be tackled - so, &
celculation of schematic maps of some mean values of the heat balance com-
ponents for the land end oceans could be sccomplished by using a less
differentinted method, as compared with that used in calculating these
date for small reglons in microclimatic investigatioms, or for separste
short periocds of time.

The methods for climatological celculations of the balence components
for the long perlod everages (long-period meen values, monthly and anpual)
bave already been developed to a more or less higher degree by pow. The
problem of developing methods for calculating the components of heat bal-
ance for shorter pericds, by using the basic meteorological obvservations,
bas not been solved in 1ts entire scope as yet.

§ 3. Radiation Balance

In climatological celculations of radiation balance, its value is
usually determined by formuls (5) as the difference between the absorbed
radiation (Q-44) (1—a) (where Q— 1s the direct rediation, g—the
scattered rediation, a— the albedo) and the effective outgoing redietion

I. Vhen using this method for calculating the radlatlon balance, the
amount of the total radiation (Q-¢) muist be determined first.

As has been seid in chapter I, only total radlation is the one single
component of the radiation and heat balance which 1s measured by compara-
tively numerous actinometric stations (at present, totaling about 200
stations on all continents).

However, it must be indicated, that the network measuring the total
radiation is of a very irregular density. Most of the stations are loceted
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in the European part‘of the USSR and in North America. Due to this fect,
N.N. Kalitin was able to construct a map of annusl amounts of total radi-
ation for the European USSR as early as 1945, Kalitin {1945 /1207). A
little later, Hand constructed a similar map for the United States, Hand
(1953).

In other reglons the net of actinometric stations 1s very sparse end
does not permit eny climatological genevslization or any, more or less,
detailed comstruction of maps for total radiation. On the oceens there
are practically no observations of this type of any, more or less, system-
atic nature.

Therefore, it is impossible to make a comprehensive investigation of the
distribution of total radiation over the world without using the methods
of climatological calculations.

The first investigations in calculating the amounts of short-wave radi-
ation received by the earth's surface were confined to the determination of
the direct radistion only. In the work by Angot, cited ebove, and slso in
ensuing investigatlons by 5.I. Savinov (1925, 1928 /200 & 20;7), M. Milan-
kovich (1939 /1737), V.G. Kestrov (1928 /123/), B.M. Gal'verin (1949a /T57)
end other authors, certain methods have been developed for calculating the
amounts of direct radiation received by the earth's surface as dependent
on the degree of transparency of the atmosphere.

Later some attempts were made to also determine the amount of diffused
radiation by the theoretical or empirical methods, and to evaluate the
effect of cloudiness on the total radiation,

The results of most of these investigatlons have not been used very
much for calculating total radiation because of the cumbersome formulas,
thelr insufficient accuracy, and the necessity to teke intc account meny
parameters that are quite variable and have not been studied sufficiently.

A simple and sufficient method for determining the total radiation has
been suggested by A. Angstrém (1922), Kimball (1928) and Savinov (1933a,
1933b /202 & 2037).

In ao investigetion published in 1922 Angstrém suggested the following
formula for determining the totel radiation:

Q49 =@Q+9ik+1—-~S], 1)

where ( Q+4-¢) ana (Q4-9),—. the totel radiation with netural copditions
and e clear sky (no clouds), S— the ratio of observed sunshine hours to
the possible amount for the given period, k—a coefficient, determiring
what portion of the possible radlation consists of actuel radiation with
overcast sky conditions. Using the observational dats from Stockholm,
AngstrBm found thet coefficient £ was equal to 0.235.

Kimball (1928) found a similer relationship using the data of several
American stations:

Q+9=Q+a 02940711 — )], (22)

where 72— is the mesn cloud amount in tenths.
S.I. Savinov (1933a, 1933b /202 & 2037) investigated in deteil the
interrelations between the values S and (1—# ), using observations taken
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in Pavlovsk, and he found that these values usually differed considerably
from each other. Savinov came to the conclusion that the best agreement
with the true value of the ratio of the actusl amount of solar radiation
to the possible radiatlon could be obtained by using the mean srithmetic
value of § and {(1—n).

For calculations of the direct end total radiation Savinov suggested
the following formulas:

Q=q,(1—7) (23)

and

Q9 =(Q+9%{1—cn), (249

vhere -
Ho=] e 1—;+S

¢ —coefficlent showing the effect of clouds on radiation.

According to the concluslons reached by Savinov, and also by B.M.
Gal'perin (194Ge 17‘57) and other authors, in the celculations of total
radiation the utilization of factor 7z gives better results in comparison
with those obtained by using the characteristics of the general cloudiness
or sunshine hours. However, for many regions there are no rellable data
on sunshine hours and therefore this compels us to use the dats on clouds
when determining the amount of total radiation.

The works of S.I. Sevinov have contributed to the popularity of the
formulas given above and they have been largely used in climatological
calculstions of the amounts of short-wave radiation. Of great importance
is the fact that the amount of possible radistion (Q--g),, that is included
in formulas {21), (22), & {24) appears to be a rather stable factor, which
depends mostly on the latitude and eeason. This facilitated the use of
these formulas for calculating the total radiation.

Among other empiricel methods for determining total radiaticn, the
formlas suggested by V.N. Ukraintsev, (1939 PQ&T) and Albrecht (1940)
mist also be mentioned.

Using observations of stations located inside the Zome between 35° and
70°N, Ukraintsev has set up the following formula;:

Q+9)=m3S+n, (25)
where LS— is the total amount of sunshine hours, m snd n— are the co-
efficients, which depend on the season and latitude.

Having computed these coefficients, Ukraintsev presented them in tables
for each month snd for various latitudes.

The testing of Ukraintsev's method on results of recent observations
hes shown that oftentimes 1t gives extenuated values of total radietion.
It 1is possible, that this is the result of using the observations on
scattered radiation which have been taken by obsolete instruments that
give extenuated values.

The formula, suggested by Albrecht is:

" 1
(Q-{—q):asmh@(b— "?"’T_@:>ll+(l"“m"] cal/cmz/min. , (26)
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vberello—is the altitude of the sun, 4, 4 andy—are numerical coefficients.

When calculating the amount of total radiation for more or less longer
periods of time, the dats obtained by this formle must be summed up accord-
ing to diurnal variations of the sun's altitude.

Baving determined the values of coefficlents a and b by using the scarce
observational data, Albrecht found g= 0.31-0.3% cal/em®/min, &=5.0-7.h.

Comparing the results obtained by Albrecht's formule with observational
dats it could be found that the formmle usually shows rather large syscem-
atic errors, wainly extenusting the values of total radietion.

This is apparently connected with the fact that Albrecht started with
very insufficient cbservational date when deriving formula (26) and deter-
»ining its coefficients. Some better results, as it seems, could be ob-
tained by using the other Albrecht formula which has, with some simpli-
ficatlons, the following form:

Q+9)=(aostnhgy — b,V sinkg ) [1 — (1 — ) ] cal/en? /min (262)

The coefficient 4, according to observational data, varies in limits
1.7-2.4; the coefficient b, approximately equals 0.32.

The physical meaning of this relationship was explained b: . ".
Kondrat'ev (1954 /1377). P *? v K R

In investigations on the climatology of beat balence, made by the
Central Geophysical Observatory, the following equation has been used for
calculating total rediation:

Q+9=Q+9—~0—8r], @n

In modern literature this formuls is usually called the Savino-Angstrém
formula,

The parameters, included in ths formula, have been determined by T.G
Berlfind from dats of actinometric observations (Pu benok
e e (Budyko, Berlfdnd, Zubenok,

The mean monthly values of possible radiation (Q—{-q)o have been found
for various latitudes mnd for all months of the year by the suggested
method of V.K. Ukraintsev (1939 /2217). Using this method, graphs have
been constructed for stations located in various letitudes, showing by
the sbscissa, the day of the year, and by the ordinate, th:a corresp:mdmg
daily amounts of total radiation derived from several years of observations,
The points on the graphs were located inside certain regions with a very
definite upper boundary. Since the upper points on these graphs apparently
show the.clen.t days conditions, we can drav a curve through these points
and obtein the annual march of the daily voluer of total rediation under
cloudless sky conditions. The dats which have been determined from this
graph are presented in table 1.

t must be said here that the values of Povcible radiation, shown by
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this table, are a little larger than those found in most of the preceding
investigations. This difference is apparently connected, to a certain
degree, with the utilizetion of the velues of possible radiation from
comparatively limited observetional date, oftentimes obtained by obsolete
instruments, which extenuated the values of the diffused radietion. On
the other hand, some features of Ukrainteev's method (vh}ch gives the
possible radiation of a highly transparent stmosphere, 1)rather then
conditions of average transparency) could contribute to the fact that the
vslues of possible radiation given in table 1 could be m little bit exag-
gerated. However, as will be explained later, this fact should not lead
to any noticeable systematic errors in calculations of totel radiation by
formula (27).

For- determining the coefficient &, which accounts for the effect of
cloudiness on the total radiation, data of observations from various °*
lptitudinal zones have also been used. The coefficient % presents the
ratio between the actusl radiation under overcast sky conditions end the
possible radiation, It must depend on the mean sltitude of the sun, on
the properties of clouds and on the conditions of reflection of short-wave
radiation (the velue of the elbedo).

Consequently, the mean values of the coefficient R, will be different
for different regions, end also, this coefficlent will change according
to diurnsl and annual variations.

The mean annual values of coefficient 4, everaged for various latitudes
are presented in teble 2.

The values of coefficient % given in table 2 have been computed from
data of actinometric cobservations at 62 locations. Since this coefficient
was computed by formula {27) with the actually observed mean velues {Q-q)
and calculated the values (Q+q);n by the above cited method, it is quite
clear, that e small systematic error in valuee {Q-+q)s will accordingly
change the values of the coefficient . This provides for some compen-
sation of the effect of errors which arose by determining the parameters
in formula (27) for the evaluation of total radiation.

In determining the total radiation by formula (27) and from tables 1
and 2, the effect of changes in the transparency of the atmosphere and
the effect of changes in the meen beights and forms of clouds are counted
oply as the mean factors of the latitude Ehrough the latitudinal chenges
of values (Q+g), and k_7 Besides, these calculations do not account for
the annual variations of coefficient £, which,according to many authors,
could be quite significant,

Consequently, the analyzed method for calculating totel rediation must
be regarded as & rather schematic one snd mainly for use in calculating
the distribution of radimtion over vast areas of & continent end over the
whole globe. An important edvantage of this method is seen in the pos-

IY Besides, in determining the possible radlation by Ukraintsev's method,
in some cases, its values could be exaggerated because of the insignificant
cloudiness {less than 2-3 tenths), which sometimes does not reduce but
increaeses the total radistion in comparison with a cloudless sky.
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sibility of using only the most reedily available date on general cloudi-
ness (since climatological data on frequency of various forms of clouds
are missing or are not sufficiently relisble for many foreign countries
and many portions of oceans). The question of the accuracy of total radi-
ation amounts calculated by using formula (27) and tables 1 and 2 will be
analyzed in § 6.

Table 1.
latitude I F M A M J J A& S O N D
80° N| 00! 00| 25 96 17.9| 203| 189] 108| 36| 04| 00| 00
75 01| 68| 40| 112]187] 209|197 123 53| 17| 02 0:0
70 [ 02| 14f 58| 127( 1914 21,4| 203| 137 70| 30| 07| o1
65 | 08l 25 76 101|201} 21| 21.0) 151| 881 45| 15| 04
60 17| 39| 96| 154 208} 23 2161 164| 105) 611 26 12
55 301 56[11,5] 1661 215| 22.7] 2211 17,71 1231 77| 41| 23
0 1 47| 75| 185( 178 22,1 | 230| 225| 1838| 152| oi6| 58| 38
45 | 66 941 154|190 22'6| 233( 929 201 | 16:0| 118| 77| 57
0 8,71 11,5( 17,0] 20,0] 22,9 235 232( 21,11 176] 134] 97| 77
35 1081 136} 1851 21,0f 23,0 235|233} 21,8| 188] 15,1 | 11.8] 96
30 12,7] 152 195| 21,6/ 230 235( 233|222 198] 165 136|114
25 15.3 165 203| 21,8 229] 23141 23,1 223(205]1 176 1501131
20 [155]175] 208 21.8| 226 | 20:91 22.7| 22| 21,0| 185) 16.3| 145
15 166 1831 21,0] 21,6/ 22,0 2221 22,11 21,81 21,11 19,2 173157
10 17,4] 190] 21,01 21,3} 21,2 21,2 21,2 21,21 21,1} 196 18,01 166
5 | 180) 195 208| 20:8| 2014 | 193] 2011 208! 199] 185|173
0 18,5 198 20,4| 202( 192 1801 18,7] 19,6| 20,4| 200 190(180

Total radistion with & cloudless sky (Q+¢h kg-cal/ca®/month.

Table 2.

75 0 65 60 5 50 45 4

. 055 050 045 0,40 038 036 034 0,33
3B 30 25 20 15 19 5 0
032 03 032 033 033 034 034 0,35

g

>

Mean latitudinel values of the coefficient & .

A more differentiated method of calculating totel radiati.
on should t:
into account the effect of forms and heights of clouds on total rasiati::e
in each locatlon, and should also account for the effect of changes in the
transparency of the atmosphere.
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The effect of changes in properties of clouds on the snnusl march of
radistion could be approximately accounted for by chenges of the values
of coefficlent 4. .

The annual variations of the correponding coefficients in the formulas
of Savinov and Angstrém ere analyzed in the paper by B.M. Gal'perin (1949a
_/_727) In this investigation it is pointed out that coefficient ¢ of
Savinov's formule (24), in some regione, changes considerably during the
year.

Our calculations have proven that, hy utilizetion of formula (27) the
changes of coefficient £ during the annual period are also perceivable,
but usually the neglect of these changes will not produce any comsiderable
errors in the calculations of total rediation emounts.

Another way of estimating the effect of cloud properties on the total
radiation is the inclusion of indices in the calculation formules, showing
cloud quentities at various cloud heights. So, for instance, P.P. Kuz'min
(1950 /I497) mssumed that the ratio of the actual smount of total radi-
ation to the possible is:

1—c,(mo—m)—cyn,,

where n,— is the totel amount of clouds; #,— the amount of lower clouds;
¢ and ¢y — are the coefficients; the first is equul to 0,1k, the second
to 0.67. This method of calculation could be applied to those ceses when
data on lower clouds are avallable. v

In the investigation by A.P. Braslavskii (Braslavski‘f and Vikulina,

1954 /33]), the problem of estimating the effect of some additional factors
in determining the smount of total rediation has been studied. BraslavskiY
indicaeted, and rightly so, that in calculations of the possible radiation
by theoretical methods, the effect of the albedo of the surface on the dif-
fused radiation {this means, on the total rediation as well) must be
directly estimated. The effect of the albedo on the total radiationm is,

to 8 certain degree, taken automsticelly into account when used in cal-
culating the amounts of possible rediation, that have been found by ob-
servations, for the actual state of the surface.

The calculations made by anlavskif showed that changes in the at-
mospheric trensparency which are associamted with changes in humidity of
the air, and also changes in heights of places up to & level of several
kilometers, exert only an inconsidereble influence on the amount of total
radiation.

The problem of methods for climstological calculations of d&xmal var-
iations in the total radiation has been elsboreted by L.A. Biriukove (1955
/317). For this purpose she has used formuls (27) and bas determined the
parameters of this formula from observational data.

Diurnal variations of the smounts of possible rediation have been com-
Pputed by Biriukove,using the idea of Ukralntsev's method. The graphs of
diurnal variations have been constructed for all months of the yesr for
7 locations in the USSR: Pavlovsk, Riga, Sverdlovsk, Irkutsk, Odessa,
Vladivostok, Tbilisi. The calculations showed that, the values of the
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possible radiation depend basically on the latitude, season and hou: ::1
the day. The computed values of the possible radiation (1.e., theblo 3
radiation of a cloudless sky) at various latitudes are given in table 3.

Total radistion with e cloudless sky (Q+4k kg-cal/ex?/hour
(according to observations made in the U.S.S.R.).

Table 3

Houre —
9 19 18 17 16 | 15 14 13 12
Lat. [Mo. 2;‘5 22 5 l [ 7 8 9 10 1
2 [ 10 12
o8 I} 1 5 13 19 #4129
I 2 6 15 25 31 49 37
v 1 10 21 31 40 49 53 g
v 4 10 19 29 39 47 5 58 2
Vi 2 5 13 22 31 40 48 5 Gg i
Vil ] 1 50 12 13 29 40 47 55 5I &
vill 2 7 14 24 bl 40 47 5 "
1X T 4aj12)2a o 8|84
X 3 1 19 27 31 M
X1 2 5 10 15 18
Xi 2 3 [ 8
2 7 13 18 20
5 I{ 2 8 18 38 R 36
m 3 i3 21 3 42 45 49
v 3 10 20 31 42 50 56 58
v 2 6 17 28 39 50 57 ()] 62
VIt o1 [ 411 [ 20| 30 4 (5 [5] 6|6
vl 3) 8| 15| 27| 37 | 47 [ 56 | 62 | 63
vin 2 5 13 4 34 42 50 55 58
IX 1 6 1 % 36 45 50 53
X 1 5 13 23 32 39 40
Xl 3 10 18 24 27
Xi 2 6 1 13
3 11 19 25 27
50 I: 1 4 11 21 3 42 45
it} 1 4 12 24 38 48 52 54
v 31101 21133 |44 |5 | 61|63
v 5 15 28 41 53 60 65 68
Vi 2 9 19 0 44 4 62 68 70
VII 2 6 4 27 40 52 61 66 68
vul 1 4 12 2 36 46 54 61 63
X 6 15 27 40 51 57 39
X 2 7 16 26 36 43 46
X1 1 5 13 23 29 A
X1 1 6 12 18 20
45 1 1 5 15 24 32 35
n 1 4| M| 25 | 39§ 46 | 50
Jitg 4 13 25 42 53 59 61
v 2 9 21 35 48 59 66 68
vV 4 14 30 45 58 6 70 3
V1 2 7 18 31 46 58 69 75 77
Vil 1 5 15 0 45 58 66 71 74
Vil 3111126 (395 [61]67 ! 70
X 5 16 30 45 57 64 &6
X 2 9 19 30 43 49 51
X1 2 5 17 26 34 37
xn 3 10 20 26 20

35

Having et hand the deta on diurnal vari ations
and compering them, eccording to formula {27),
on totel radiation,
efficient 4 end to
the sun,

This relationship, determined from caleu.
in the USSR, is presented in fig. 4

of the possible radiation
with data of observations
it 1s easy to compute the diurnal variations of co-
determine its average relationship to the altitude of

lation data for several points

3
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Figure 4

Relationship of coefficient %
with the sun‘e altitude.

As cen be seen from this graph, the magnitude of coefficlent 4 decreases
with the diminishing height of the sun. The Teason for such changes is
apparently found in the fact that, in the presence of clouds the increasing
lepngth of the sunbeam path in the atmosphere dimipishes considerebly the
amount of radiation that reaches the earth's surface, as compared with the
amount during cloudless conditions.

Using formula (27), table 3 and fig. 4, the diurnal veristions of total
radiation for average conditions could be computed. The question of the
Ppossibility of using this method for calculating the totel radiation for
short periods of time is still not clear,

Having at hand the data of total rediation, the value of the albedo of -
the underlying surface for short-wave radiation mist be computed to enable
us to determine the amount of absorbed radietion.

At Present, ample data from observations on the mean values of the al-
bedo for various underlying surfaces are asvailable. Among the numeroue
works of determining the albedo we will mention the papers by A, Angstrém
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19258), A.A. Skvortsov (1928 /Z117), N.K. Kalitin (192 [118]), B.M.
gag? !)‘in (1938 /T47), P.P. xugn_IZ (1939 /1467),I.N. Iiroslavtsev (1952
[249/), T.¥. Kirillova (1952 /12]/), which included surface observations
5t the mlbedo; and vorks by L.I. Zubenok (1949b /1067), Fritz (1949), and
V.L. Gaevski! {1953 /73]) vhere the slbedo of the underlying surface vas
determined from an sirplane.

The consolidated results of elbedo measurements for_various types of
surfaces have been given in works by Budyko (194B8a_/397), Berliénd (1948
[Z5]), Gaevskil (1953 /737), Kondrat'ev (1954 /1377) and others. The meen
values of the albedo, obtained by the most reliable measurements in vari-
ous physicel geographical conditions, are nresented in table 4,

Teble 4

Albedo of the natural surfaces.

Types of surface Albedo Types of surface Albedo

Snov apd ice Flelds, meadows, tundra

Fresh, dry snow 0.80-0,95 Rye end vheat fields 0.10-0.25

Pure, vhite snow 0.60-0.70 Potato plantations 0.15-0.25

Polluted snow 0.40-0.50 Cotton plantations 0.20-0.25

Sea ice 0.30-0.40 Meadows 0.15-0.25
Dry steppe 0.20-0.30
Tundra 0.15-0.20

Bare soil ) Forests

Dark soils 0.05-0.15

Moist grey soils 0.10-0.20 Conifercus foreste 0.10-0.15

Dry, clay or grey soils 0.20-0.35 Deciduous forests 0.15-0.20

.Dry, light, sendy soils 0.25-0.45

Eif

For better schematic climatological computations of the absorbed radia-
tion. it is more convenient to use the more generalized average values of
Z?T?lbedo, which are ehown in teble 5 (Budyko, Berlidnd, Zubenok {1954b

527).

“From data in tables 4 and § we can see that, in moderate altitudes the
values of the albedo from the land surface will change considerably in the
annual course, reaching the maximum in winter months when a stable snow
cover 1s observed.

Table S

Mean values of the albedo for the main types of natural lend surfaces,

Stable snow cover of higher latitudes

(60° and higheT) ...eicvceeeracearas 0.80
Stable snow cover of the middle latitudes

(belov 60°) teveiesiericrvinennces.. 0.70
Unstable SNOW COVET suseveescecnaectcssssascncacarsstnscossesssaces 0,45

Coniferous forest ...ec.vcveecsnses

tesscriaisentescataaersanss. OL14

Tundra, steppe, deciduous forest, savanna in the moist season ....... 0.18
Sevanna in the dry season and semideSerts ...svievecssseoossssssess 0.25

Deserts .....

e eeteteieteeeeaneresnraserantaniasinsiecataraneaaness 0.30

The highest values of the albedo are observed in winter in the high
latitudes, where the surface of snov 1s preserved pure and is not polluted,
since the air contains only insignificent amounts of dust. Very large
values of the albedo for fresh snov are alsc noticed in moderate latitudes.

Compared with that In moist areas, a higher albedo Las been observed in
dry regions and especielly deserts. Even go, the mlbedoes measured in
deserts are subject to wide fluctuations 2 , however, as & rule, they are
still larger than that of the vegetation covered surface.

The modern investigations by I.N. fArosiavtsev (1952 /2497), V.L.
GaevekiY (1953 /737), K. IA. Kondrat'ev and N.E, Ter-Markariants (Kondrat'-
ev, 1954 [T37]), and other authors, have shown that the values of the land
surface albedo often change considersbly during the day. With the lover
altitudes of the sun (in the morning and evening hours), the slbedo is

2} The color of soll surfaces in deserts is very variable, which provides
for a corresponding variabllity of albedoes and this fact is oftentime en-
countered even within a limited geographical. region,
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usually considerably larger. The reason for this is seen in the different
reflective capacity of the rough underlying surfaces, for sun rays falling
at different angles {at high sun, its reys penetrate deep into the vegeta-
tion layer and are absorbed there, whereas at low sun the rays do not pene-
trate as much into the vegetation layer end a larger portion is reflected
by the surface.).

Besides, the diurnal variations of the albedo ere sometimes also affected
by the spectral composition of short-wave radiation at different heightg of
the sun.

In climatological calculations of diurnal variations of the amount of
absorbed radiation, the relationship betyeen the value of the albedo and
height of the sun, as found by L.A. Biriukova (1955 /317), from observa-
tional data, could be applied. Bir{ukove has noticed that, for the snow-
less period the albedo in its diurnal variations changes diurnally, de-
pending on the height of the sun and cloud smounts. It has also been found
that an increase in cloudiness diminished the degree of dependence of the
albedo on the height of the sun, because the increase in cloud emounts re-
duced the direct sun radiation and avgmented the diffused one, the absorp-
tion of which does not depend directly on the height of the sun,

The relationship between Aa (difference between the value of the albedo
at a given hour and at noon) end the height of the sun under average con-
ditions of cloudiness is presented in fig. 5.
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Figure 5

Dependence of the albedo on the sun's altitude.
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This graph can be used for an approximate estimation of the dlurnal
variations of absorbed radiation during the snowless perlicds. When there
is a snow cover, according to Biridkova, there is no need of estimating
the albedo veriations in determining the amount of absorbed radiation.

The albedo of water surfaces is, on the average, less than that of moat
of the natural land surfaces, A relatively great absorption of short-wave
radiation in water reservoirs is explained by the fact that the sun reya
penetrate the upper translucent water layers, where they are scattered and
almost completely absorbed. This is why the albedo of muddy water reser=
voirs is considerably higher.

For direct radiation the albedo of a water surface depends greatly on
the altitude of the sun, and varies from a few per cent at high sun to
almost 100% for the sun near the horizon,

The dependence of the albedo on the angle of the sun rays could be
calculated theoretically by Fresnel's formula. Many authors have shown
that theoretical calculations of the albedo for direct radiation comply
fairly well with observational data (Kondrat'ev, 195k Lf3"(7).

The albedo of a water surfece for diffused radiation varies in much
closer limits, and on the average it is on the order of 8-10%. The esti-
mate of albedo variations for diffused radiation, as dependent on cloudi-
ness and on other factors, might be of some importance in calculeting
amounts of radiation reflected by tbe water surface. Hovever, for those
climatological calculetions of amounts of absorbed radiation that are of
interest to us (the absorbed portion is usuelly larger than the reflected
one), the possible variations of the albedo for diffused radiation are
insignificant and do not affect the results of the computations very much.

Because of a very close dependence of the albedo of water reservoirs
on the sun's altitude, the albedo of the total radiation shows a definite
ennuel end diurnal course.

To determine the average values of the albedo of water reservoirs, in
the investigations made by Budyko, Berlidnd, Zubenok (195ka, 195kb /51 &
527); the data of S.I. Sivkov (1952 /210/) have been utilized. On the basis
of experimental data, and also using some results obtained by theoretical
calculations, Sivkov found a relationship between the albedo of the water
surface for direct radiation and the altitudes of the sun, Assuming the
albedo for diffused radiation as being, on the average, 0.10 and estimating
the mean relationship between direct and diffused radiation at various lati-
tudes, we found the values of the albedo of water surfaces for the total
radiation end they are given in table 6.

These data can be also used in calculations for the Southern Hemisphere,
taking into account the proper changee of seasons.

In climatologicel calculations of solar radiation absorbed by water
reservoirs, it must be kept in mind thet, the chenge in the state of water
surfaces produced by the rise of waves, exerts a definite effect on the
albedo value. However, it must be pointed out that, these changes cannot
affect, to any substential degree, the values of absorbed radiation. Since
the mean values of the albedo of water surfaces usually do not exceed 0,10,
it must be clear that, the comparatively large changes in this value will
affect the values of absorbed radiation only to a relatively insignificant



degree. This permits a neglect of the effect of waves on the albedo when
calculating the sume cf absorbed rediation for periods on the order of a
month, of ten days, etc.

Table 6

Water surface albedo for total radiation.

70°N| — }0,23[016:0,11( 009} 009 009{0,10]| 0,13 0,15 — | —

60 020 0,161 0,1110,08]| 0,081 0.07) 0,08 0,09 0,10|.0,141 0,18] 021
50 0,16( 0,12 0,091 0,07| 007 0,081 0,07 0,07] 0,08) 0,111 0,14] 0,16
40 011009 0,08)007{0,06] 006 0,06| 0,06 0,07 0,08} 0,11] 0,12
30 0,09 0,081 0,071 0,06} 0,06 0,06| 0,06| 0,06 0,06{ 0,07| 0,08} 0,09
20 0,071 0,07| 0,06 0,06| 0,06 0.06) 0,06( 0,06( 0,06{ 0,05] 0,07 0,07
10 0,06] 0,06 0,06] 0,05( 0,06) 0,06( 0,06 0,06 0,06] 0,06] 0,06] 0,07
0 0,06) 0,06) 0,06{ 0,06] 0,06/ 0,06| 0,06| 0,06 0,06 0,06 0,06! 0,06

In the calculations of radimtion balance it i1s necessary to take into
account not only the amounts of short-wave radiation lost by reflection
but aleo the loss of radiation heat through the effective outgoing radis-
tion.

The radiation of the underlying surface follows the Stefan law and is
equal to 5964 cal/cw?/min., vheref —is the temperature of the surface,as—
-the Stefan-Boltzmann's constant, which sccording to recently obtained
data is equal to B8.14 - 10-1l; s is the coefficient which characterizes
the deviation of radiation of the glven surface from that of e black body.

According to measurements mede by Aleksandrov end Kurtener (1941 /77),
Falkenberg (1928) and other authors, the values of coefficient s for the
most natural surfaces are equal to 0.85-1.00.

A considereble portion of the flux of long-wave rasdietlon that is radi-
ated by the underlying surface is compensated by counter radiation from
the atmosphere, vhich depends mainly on the content of water vapor, air
temperature, and cloud conditions.

The methods for measuring counter radiation from the atmosphere end
also for the effective outgoing rediation have been under development for
a long time, but only recently the instruments for measuring outgoing radi-
ation &t various hours without sizeable errors have been contructed, The
instrumente that were employed earlier had some constructive defects and
oftentimes bad a faulty calibration, which wes the reason for the exag-
gerated values of the effective outgoing radietion Lthis is explained by
the fact that the calibration was usually dome with the pyrgeometer of

[N ]

Rngstrém or with some instruments that were previously celibrated with it.
This pyrgeometer, as was discovered later, gave substantially exaggerated
readings (M.E. Berlidnd end T.G. Berlfdnd, 1952 /24])7.

The most satisfactory, of all modern instruments for measuring outgoing
radiation, is the effective pyranometer by IAnishevskil and the vibrational
pyrancmeter by Falkenberg, though these instruments are not without fault
elther., Observational data, obtained by various instruments measuring the
effective outgoing radiation, have often been used for determining the rate
of dependence of the effective outgolng radiation on meteorological factors.

Most of the formilas connecting the value of the effective outgoing
radiation under & cloudless sky with the temperature and humidity of the
air, bave the following form:

Jy=cbt (a, -} b;-107), (28)
or
L=at'(82+ 52V e), (?9)

vhere /,~ is the effective outgoing redietion, §- air temperature,
€ —-vapor pressure, &, by, ¢, a, snd b, — coefficients.

The first of these equations was suggested by Angstrdm, the second by
Brunt.

The coefficlents in formula (28) and (29) were determined, inm some in-
vestigations, from observetionel deta.

In climatological celculations of effective outgoing radiation, the
Angstrédm formule had earlier been used with the coefficients given in
Linke's meteorological textbook (Linke, 1934), a,=0.194, b, = 0.236, ¢,=
0.069, for determining the effective outgoing radiation in cal/cm?/min.
and air humidity in om.

In researches of recent years the theoretical methods for determining
values of effective outgoing radiatlon have been developed. In this field
the papers by K. IA, Kondrat'ev (1949a, 1949b /I33 & 134/, etc.) vere of
great significance., He established and put in use the schewe of & dif-
ferentiated accounting of the spectrum of absorption coefficients of long-
wave radietion in the atmosphere. N .

Utilizing the results obtained by R. IA. Kondrat‘'ev, M.E. Berliand hasm
established a theoretical relation of the effective outgoing radiation in
a cloudless sky to air tempersture end bumidity (M.E. Berlf{and and T.G.
Berliand, 1952 [247).

This relation can be approximately expressed in the following apalytical
form:

;=509 (0,39 — 0,058/ 2), (30)

where ¢ ~is in mm., I,— in cal/en?/min.

For practical computations 1t ie convenient to use tahle 7, which has
been computed according to Berliand's calculations.

It should be noted that the relation that has been established by M.E.
Berlitind, theoretically, turned out to be very close to the empiricel re-
lationship which was found by Bolz and Falkenberg (1949) from 1320 obser-
vations taken with a vibrational pyrancmeter under a cloudless 6ky.
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Besideg the mir temperature and humidity,some other factors exert a
substantial influence on the effective outgoing radistion. These ere:
smount of clouds and the difference in temperatures between the soil sur-
face and the air,

Table 7

Bffective outgoing radiation with a cloudless sky
in kg-cal/cme/min.

Humidity of the air mm

Temper-j— -
ature | 3 [ 2 | 3| 4 | 5. 6} 7|8 ([10]12]15
|
—20° | 011 t
—15 | 012
—10 | 013] 012
—5 | 014] 013 | 012
0 |0i5{ 014! 013|012
5 |016] 015] 0,14 | 0,13] 0,13 [ 0,12
10 | 017 018] 015| 014 0,14 | 013 | 0,12] 0,11
15 017 ] 016 0.15 | 015 | 0,14 | 013 0,12| Q11| 0,10
20 017 | 0,i6 | 0116 | 015 | 0,14 0,13| 0,12| 0,11
25 017 { 017 | 016 [ 0,15 0,14 0,13| 0,12} 0,10
3 018 | 0,17 | 0,16 | 0,15| 0;14] 0,13] 0,11

The estimate of the effect of clouds on effective outgoing radietion was
done earlier by formula:

[==1,(1—cn), (31)

where /- effective outgoing radiation at the existent cloud amount, Z-—
- cloud amount in tenths, ¢— coefficlent.

Angstrdm found the average value of ¢ to be 0.75, Askldf, Dorno and
other suthors found the average value of ¢ varied for clouds of dif-
ferent heights - for high clouds the magnitude of this coefficient turned
out to be much smaller than that of lower ones. Considering this fact,
K.G. Efimov (1939 /37/) suggested the following formulé for calculsting
the effective outgoing radistion dependent on clouds

=11 — (e, +erc+em)], (32)

vhere 7 e and 7, —are smounts of clouds for the higher, middle, and lower
1ayers, &, ¢ and G, — the corresponding coefficients. Efimov estimated
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these coefficlents as being: ©€»= 0,15-0.20; Cc= 0,5-0,6; = 0,7=0.8,
In the work by I.G. Lfltershtein and A.F. CHudnovskil {1946 /I647) some
lerger values of these coefficients are given:

0y =020, ¢ =0,6—0,7, c,=08—09.

Recent investigations show that according to observational date the
effective outgoing radiation decreases with increasing cloudiness not
linearly but noticeably faster, Therefore, the following formula has been
developed for determining the effective outgoing radiation:

I=1,(1—cn™), (33)

where m==1,5-2.0

Obviously, when determining the value of ¢ under overcast sky conditions
this value will be the same whether derived by formula (31) or {33).

The theoretical cglculations of the mean values of coefficient ¢ for
various latitudes has been done by M,E. Berliand. In these calculations
he has taken into account the mean frequency of clouds at various heights
in various latitudes. The obtained values of coefficient ¢ are presented
in table 8.

Table 8
The mean values of coefficient ¢ ,
LA ] 70 65 60 55 50 45 ko

¢ 0,82 0.80 0.78 0.76 0.7k 0.72 0,70 0.68

® 35 30 25 20 15 10 5 0

¢ 0.65 0.63 0.61 0.59 0.57 0.55 0,52 0.50

Swaller values of this coefficient in lower latitudes are explained
mainly by greater heights of middle layer clouds in these regions.

In some works (Kuz'min, 1948 /I48]; Bolz, 1949) the effect of clouds om
outgoing rediation is taken into account by introduciga correction, but
this correction does not refer to the effective outgoing radiation, but to
the value of the counter rediation from the atmosphere. As has been shown
by K. fA. Kondrat'ev (1951 [J_.327), such a method for calculating the effect
of clouds on outgoing radiation has no substantial advantages in comparison
with the use of formulas (31) and (33).

In the latest works of the Central Geophysical Observatory on comstruc-
tion of rediation balance maps, the effective outgoing radiation has been
calculated by the following formula:

= Iy (1 — cn?) + dsob® (B, —8) . . (34)



The second term of this formula permits ap estimate of the effect of
texperature differences between the underlying surface and the air on the
effective outgoing radistion.

When there is a difference in temperatures, the effective outgoing radi-
ation changes, and this change 1s represented by  sof¢ — gq6¢ which is
approximetely equal to: 4 508 - '

506 (8, — 6).

'ihe(;he::::ical explhzgtiam of this cog'rection can be found in several
works (Kon tev, 1951 /135/; M.E. Berliand and T.G. H
o oKend ) 575 end T.G. Berlfand, 1952 /247;
When using formula (3%} coefficient S was on the ave
f rage taken as 0.9
values ¢ and 7 were computed from tables 7 and 8. The tempersture of '8,,
the active gurface for vater reservoirs,can be determined from observa -
tionsl data., Since there are ususlly no relieble data on temperaturea of
Lh:hou:ﬂerlying surface on the mainlend 1t is femsible to use an indirect
In the author's works (Budyko 1949e /B17, 19500 /BY
and others), the
t::hulent n;re:;of heat has been detemin:é by ronéuTZ: P=b(8.—)’0)
where p_. is coefficient of proportionality (more details abuut'
this
relationship cen be found in §4). Taking into account thie relationship
and also formulss (4}, (S) and (34) the following equation mzy be set up:

dsotf (8, ~0) = QEN(A=0) b et tE—a o0
R e

b
The term 7@ 1s variable and, in particuler, it di
eperds substantiall;

on the intengity of the turbulent exchange in thé air layer near the g:mu);d
However, considering the fact that the term 4508 (6, — 6) usually presents :
& comparatively smell correction to the radiation balance value (except
for the c:j.: season in temperate and higher latitudes), we can use s for
a0 spproximte calculation of radiation balan
the ot o ce, just the mean value of

The results of the computations permitted the foll

owin
about the average climatic values of the term _b . § conclusions
a5

1) For conditions when (Q+9)(A —a) — I,(1 —en?) — LE — A>0,

b
the value of the ratio e 16, on the average, 3;

2) For conditions when Q+9)(1—a)—T(l—en)~ LE— A<D,

the value of the ratio '70 1s, on the average, 1.
5003
The different values of the analyzed ratio in thes
e two cases are the

result of the fact that in the first case, in the air layer neer the ground
a superadiabatic atratification prevalled and the turbulent exchange was
reinforced, whereas in the second case an inveraion took place that dimin-
1shed the intensity of turbulent exchenge. L]

Utilization of the given mean values permits an g

1 pproximate determina-

tion of the effect exerted by the term 43:0'(6,,—5) upon the effective out-
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going radiation and the vadiastion balance on land (the question sbout the
calcul).nticn of values LE and A, included ip the forrulas will be apalyzed
later),

The outlined method for tbe climatological calculation of effective out-
going radiation permits ome to determine its magnitude from ordinary mete-
orological observations of temperature, humidity, eloudiness and (for reser-
voirs) water surfece temperature, In cases when data on heights and forms
of clouds are avallable, as well as data on vertical distrihution of tem-
perature and humidity in the troposphere, more differentisted methods for
determining the effective outgoing radiation can be employed. So, for in-
stance, in the investigation msde by M.E. Berliind and T.G, Berlidnd {1952
[247), end in some other works, the average values of coefficlent ¢, for
various forms of clouds, are presented. The application of these coeffi-
clents 1in those cases when data on cloud forms are availeble can make the
calculations of the effective ocutgoing rediation more precise. The question
of the necessity of sccounting for the vertical distrihution of temperature
end bumidity when calculating the outgoing radiation has been anslyzed in
many researches. The computations accomplished in recent years by V.V.
Mukhenberg have shown that, when long period means of the effective out-
going radiation are determined for single months, the estimate of the really
observed vertical gradients of temperature does not effect any larger
chenges in those values of the effective outgoilng radiation which bave been
determined eccording to the scheme described above, proceeding only from
data of surface observations. '

However, 1t must be polnted out that, for calculations of the effective
outgoing radimtion during shorter periods, vertical gradients of temperature
and humidity are of substsntiel importence. In such calculations it would
be expedient to use methods that have been elaborately developed in the
letest works of F.N. SHekhter (1950 /236/), T.V. Kirillova and E.D. Koveleva
(1951 LI2§7) and other authors. -

§ 4. Turbulent heat exchange between the underlying surface
and the etmosphere

The temperature of the underlying land surfece, as well as that of water
surfaces, 1s usually different from the tempersture of tbe lower layer of
the atmosphere. Conaequently, & verticel flux of heat arises between the
underlying surface and the atmosphere,effected by turbulent heat conduction
in the air layer near the ground.

The evaluation of the vertical turbulent beat flux usually presents the
greatest difficulties, in comparison with eveluating the other components
of heat balance, regardless how it is done, either by direct measurements
or by indirect climatological calculations.

Some methods for calculating the turbulent flux of heat are baced on the
equation of Fick, which was used in calculating the flow of heat end mois-
ture in the atmosphere, by Taylor (1915) and Schmidt (1917).

This equation 1s now widely used in studies of beat exchange and ex-
change of moisture in the air layer near the ground.



Assuming that, according to the idea of Taylor and Schmidt, the process
of turbulent diffusion is eimiler to that of molecular diffusion, ve will
obtain the following formula for the vertical turbulent heat flux in the
air layer near the ground:

Pe=—peh 3, (36) R

vhere p— is air demsity, ¢, — herl capacity of the air at constant pres-
sure, ;__ coefficient of the turbulent exchange, %_vertical gradient
of the absolute temperature,

In equation (36), there is no need to teks intc eccount the value of the
equilibrium gradient 3) since in the layer near the ground there usually
are gradients exceeding the equilibrium gradients by 10-100 times.

Integration of formila (36) by z will result in the egquation:

P=pc,D (8, —6), @an

vhere ¢, is the temperature of the active surface, § —air temperature at
some beight, D — integral characteristic of tbhe conditions of vertical
turbulent transfer that goes on between the underlying surface and the
atmosphere, vhich will further be called - the coefficlent of external
diffusion.

The last equation actually presents the well-known Newton law that
established the relationship between the heat exchange and difference in
temperatures of the surface of a heated (or cooled) body and the air.

EBquations (36) and (37) present the basis for a series of methods for
determining the turbulent heat exchange. It 18 usually possible to apply
the first of these equation vhen some specisl observations of the gradient
are available, i.e., vhen ve have on hand measurements of the vertical
temperature gradient in the layer near the ground, and also measurements
of the gradients of those meteorological elements which are necessery in
calculating the turbulent exchange coefficlent %2 .

Let us analyze briefly the methode for determining the coefficient of
exchange,

Some of thase methods ere besed on the utilization of measuremente of
vertical streams of heat and moisture.

Io modern researches, the method frequently used in determining the
coefficient of from ts of lon was the one
initlally suggested in 1946 (Budyko 19k6a /357).

The escential features of this method follow. By anslogy with equation
{36) for the conditions of the air layer near the ground we may write the
formula:

E——ptd, @)

3)  The equilibrium gradlent represents a vertical gradient of tempereture,
vwhich brings the turbulent flux of heat down to zero. According to re-
searches made by the mutbor and M.I. TWain (1946, 1948 /%0 & eg), the

value of the equilibrium gradient is, on the aversge, about 0.5° per 100m.

where £— 1s the speed of eveporationm, 3—‘1—- the vertical grsdient of
specific humidity.

Numerous experimental investigations have proven that the coefficient
of tirbulent exchange in the air layer near the ground incresses with beight
according to a law that is close to the following equation:

k=kz, (39)

where K, — is the coefficient of exchange at m unit of height.
Integrating equation (38) by z and taking formula (39) into mccount, ve
will obtain:
E==pk, Q% . (40)

[
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where ¢, end ¢, — ere the specific humidities at heights z, and 2z,

Bence we can see that the vziune of exchenge coefficlent #; could be com-
puted“ by formula:
Eln%

b= @’ 1)

This equation has been used many times in determining the coefficient
of exchange, by expeditions, vhen measuring evaporation and air moisture
at two beights.

Another method for determining the coefficient of exchange {the so-called
method of heat belance) 1s based on the utilization of & formule that is
derived from equation (36), integrating it by ¢ and taking into account
equality (39). This formula is:

Pe=pohs °l“ b “2)
n

i
z

Eliminating the values of P and £, from formulas (40) and {42) and from
the equation of heat balance we will obimin the following formula for the
exchange coefficient:

(R~ A)ln 22
) N e PR S T )

Novw the method of beat balance is one of the main ways in determining
the coefficient of exchange, derived from cbservations taken by expeditions
(Rusin, 1952 /198/; Ogneva, 1955 /I79/ and others). It must be noted that
the principal formula of this method (43) is based oo the mssumption that
the values of the exchange coefficient for heat and moisture in the air
layer near the ground are very similar. This assumption, which used to be
very debatable (see Sverdrup, 1935b; Pasquill, 1949), was later confirmed
by a series of recent investigations (Budyko, 1948a 1327; Timofeev 1951
[;1127, and others).

In recent yeers many authors have pald a grest deal of attention to the
development of auch methods, for determining the values of exchange coeffi-
clents in the eir layer near the. ground, which would not be based on the




use of deta on evaporation or radiation balance messurements.
In recearches of Rossby (1932) and Rossby and Montgomery (1935) a semi-
empirical theory of the boundary leyer was used in determining the values
of turbulent exchange in the sir layer near the ground. In accordance with
Prandtl's (1932) point of view, Rossby and Montgomery assumed that, with
an adiabatic distribution of temperature, the mixing length in the lover air
leyer increases lineary with height, and at the level vhere the wind speed
equals zero (at Z ), it reaches a value which is proportionsl to the rough-
ness of the underlying surface, 1i.e.,
Le=x(z42)), (#4)
vhere /- is the mixing length; Z, —roughness; » — a constant without
dimensions, approximately equal {according to experiments in tubes) to 0.38.
According to Prandtl, the megnitude of turbulent friction v in the
boundary leyer is: duns
(@ e () @

du
vhere 3; — is the vertical gradient of wind speed. BHaving sssumed the
hypothesis that, in the lower layer of the stmosphere Tt 1s constent with
helght, vwe can obtain the following equation of the wind profile, by inte-
grating equation (45) by z:

1]/1 s+a (46)
u=—y 7oy

and for the coefficient of turbulent exchange:

h=p ()t 20ty @
ln-—;u—
vhere ¥, —1is wind speed measured et the height of z,.

It can be seen from formula (47) that, in the air layer near the ground
the coefficient of exchange is proportional to z and to wind speed ¥ , and
that from formules (45) and (46), the vertical gradient of wind speed is
also proportional to the speed.

Numerous observations on wind profiles in the lower leyers of the at-
mosphere bave shown, however, that the magnitude of the vertical gradient
of wind speed over & given underlying surface depends substantially not.
only on wind speed, but also on the vertical distribution of tempereture.

So, for instence, in our works (Budyko, 1945, 1946b /34 & 367) it was
established that the ratlo of the wind speed et 5m to that of Im depends
on the wind speed at 2m and the difference in temperatures between 20 and
150cm. The relationship presented in fig. 6 shows how substantial the
effect of thermal stratificetion is on wind profiles in the air layer near
the ground. On temperature decrease with height (which is shown in fig. 6
by the positive values of A8) the ratio of vind speeds at two heights de-
creases conslderably &s compered to that under conditione of en inversion.

In accordance with this conclusion it hecomes clear that the effect of
vertical temperature distribution on the coefficient of exchange must
necepsarily be taken into account.
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‘Flgure 6

Dependence of the wind speed ratio at 5m apd lm levels

on wind speed at 2m {up) and on temperasture difference

between the heights of 20 and 150cm ( 40 ) according to
observetional data.

The question about the effect of the vertical temperature profile on the
turbulent exchange in the air lsyer near the ground was analyzed in a seriet
of researches, including theoretical as well ap experimental investignations.

A vide range of investigations on this problem have been accomplished,
particularly et the Central Geophysical Observatory (Budyko, 1946b, 1948a
/36 & 397; La¥khtman, 194k, 19%7 /152, 153 & 1547; Timofeev, 1951 /219/ and
wany other).

The first works of this series have already establiched the fact that
during daylight hours the yalues of the exchange coefficient in the air
layer near the ground are considerebly higher than those determived by
formula (47) for the equilibrium state of therms) stratification. For night
hours a reverse relationship was found. Conseguently, the use of the above
given formila (47), obteilned in a semiempirical way, for determining the
turbulent exchange coefficient, will inevitably result in large errors in
computing the exchange for daylight hours, which are the most important for
determining the turbulent heat exchenge.

This conclusion has been corroborated by resulis of a verification of
evaporation calculations that were done earller by Thornthwaite and Holzman
(1942), who computed the evaporstion by using the coefficient of exchange
obtained by & formule that did not teke into account the effect of thermal
stratification, The verification of these computations was made by methods
of heat and water balance, and it showed {Budyko, 1946b /367) that, the
failure to seccount for the equilibrium effect on the exchange may lead to
very great errors in determining evaporation_and turbulent heat exchange.

In my works (1946, 1948e /35, 36, 37 & 39]) the following formule was
suggested for computing the effect of eguilibrium stratification on the
turbulent exchange: h=bkyf, (48)

[¥here k, —1ia the coefficient of exchange at the equilibrium state,



messurements of radiation balance by earlier mentloned mathods,

function depending on ﬁ}mc‘teriltics of the Richardson's plmber in the air
layer near the ground gz;0r ‘_‘ , but independent of height (a6 — difference
of the absolue temperatures’at two levels, Au — difference in wind speed at
two levels, # —wind speed)/.

From equation (48) and from some additionel assumptions the following
formila for the coefficlent of exchange was obtained:

0,144u 7, A8 49 . 00:

pe= 2t 1 hin 2 |2, (49)

n2L [ £ (Au)’] -

where Au— in m/ees for the heights.z, and 2, ; Ay — difference in temperature . o b,

at same heights, ) . 000

This formula permits the calculation of the exchange coefficilent without
using any data on the roughness of the underlying surface Z,. On tbe othe
band, the necessity of taking into account the values of wind speed differ-
ences at two beights A4z , which are usually measured with a considerable
error, lowers the accuracy of the exchange coefficient computation when it
is done by formula (49).

More precise results have been obtained by calculating the coefficient
of exchange by ueing formilae, simflar to formila (49), but involving data
on wind speed at one height only. In this case, however, it 1s necessary
to utilize data on the roughness of the underlying surface.

Fig. 7 shows the 4 3 of the b coefficient, at the height
of 1m, on wind speed at this level (%) and on the temperature difference
at heights of 55 and 150 cm, A8 (here the difference of temperature is
assumed as being positive even when the temperature decreases with alti-
tude)., The 1solines of the exchange coefficients (in cm?/sec) have here
been computed for the roughness value equal to 2 cm, which approximately
represents average conditions for the warm seeson on land,

Some other semiewpirical formilas for determining the coefficlent of
exchange, that teke into account the effect of stability, have been sug-
gested by M.P, Timofeev (1951 /2197) end D.L. La¥khtmen (191;&, 1947 /152,
153 & 15}_7, and others), Fig. 8 shows the comparison of the exchange
coefficient relationships with the ratio of temperature differences at two
heights to the second power of wind epeed, i.e., with the paremeter that
characterizes stabllity according to formulae by Timofeev (curve 2 ), by

khtman (curve 3), and the author (curve 1), .

This graph distinetly shows the sufficiently close similarity of all
three formulse (Budyko, Lalkntmen, Timofeev, 1953 /58/). The good agree-
ment of different methods of computing the exchange coefficient 1s one -
of the indirect proofs of their sufficient reliability.

These formulae were tested on ample experimental material, For this
purpose the computed coefficients of exchange were partly used, according
to the evaporation and vertical gradient of moisture snd according to

W B - @ Q2 85 (0 (s 20 25 asae

Figure 7

a of the nge coefficlent at the 1 m level
in cx?/sec) on thermal stratification 28 and on wind
speed at 1 m,
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Figure 8

Dependence of the coefficlent of exchange on
the stebility according to formilas developed in the
Central Geophysicel Observatory.

z; &8
4) It must be kept in mind that, at '";:(AT)z a factor is attached which
2%, for the order of magnitude used here, very close to one (Budyko, 1948e
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The results of this verification showed {Budyko, 1948a [397; Timofeev,
1951 /3197; Budyko, Lafkhtman, Timofeev, 1953 /587, Ogneva, 1955 /1797 and
others) that the semiempirical formulae obtained 1n the Central Geophylcal
Observatory for computing the coefficient of exchange from gradient obser-
vations can render quite a satisfactory rate of accuracy 5). ‘It should te
mentioned here, by the wey, that the use of these formulse permitted &
quantitetive interpretation of the empiricelly established reletionship of
vertical wind speed and tempersture gradients with wind veloeity, which is
presented in fig, 6. The same kind of relationship. obtained by calculation
and presented in fig. 9, shows a great similarity with the empiricel re-
gularity. Such congruence serves ss a confirmation of correctness for the
scheme used in estimating the effect of thermal stratificetion on turbulent
exchange. Among other works dedicated to analysis and development of meth-
ods for determining the coefficient of exchange in the air leyer near the
ground, those made by scientists of the Geophysicel Institute A.M. Obukhov
1946 /1777 Monin and Obukhov, 1954 /1757 and others, should also be
mentioned. The results of these works, which contain a series of inter-
esting theoretical consideretions, have not 8s yet been compared with em-
pirical materials, :

Figure 9

Dependence of the ratio of wind speed at the 5 m and 1 m levels
on wind speed at the 2 m level (up) &nd on temperature differences
between the levels of 20 and 150 cm (40 ) according to calculstion data.

As 8 result of the mpplication of metheds described above, for deter-
mining the coefficient of the turbulent exchange in the air layer nesr the
ground, a series of principles concerning this coefficlent were found and
investigated.

5] The method for determining the coefficient of exchsnge, by the formulas
mentioned which employ the measurements of gradients made by hydrometeoro-

logical stations, has been developed by N.P, Rusin {Methodical Instructions,
[TTL7 1954).
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The available data permits thke following conclusions to be made concern-
ing the basic principles underlying the variations of the exchange coeffi-
clent: 1, The coefficient of exchange in the eir layer near the ground
increases with height and is approximately proportional to the elevation
up to a level of several scores of meters. During daylight hours (with e
superadiabatic stratification) the coefficient of exchange usually incresses
somewhat faster than the height; during night hours {with inversions) the
increase of the exchange coefficlent occurs at a somewhat slower rate.
Therefore, variations of the exchange coefficient with height could be cal-
culeted by formulee using the generalized expotential law, which was sug-
gested by D.L. LeYkhtman:

p=tz' =" (50)
where ¢ — is a parameter, less than Zerc under supersdisbatic stratification
conditions, end greater than zero under inversion conditions in the air
layer near the ground. It should be pointed out that, under average condi-
tions during daylight hours (including noontime), as well as at nighttime,
the parameter € is very small - usually it is not greater than + (0.10-0.15)
(ogneva, 1955 /I797).

This conclusion shows that in climetological calculatlons of the exchange
coefficlent diurnal veriations with height, & practically sufficient accu~
racy could be obtained by using formmle %=£&,2. The vertleal distribution
of temperature, wind velocity and air humidity,resulting from the formulas
glven above, will be presented in the form of well-known logarithmic laws.

2. The mean values of the exchange coefficlent at a level of 1 m, during
deylight hours of the warmer season on land, are on the order of 1500-2000
cm“/sec. Deily variations of this coefficlent in the warmer season on land
are very large, reaching a waximum 1n the afternoon end e minimum at night
and in the early morning hours. Under clear weather conditions the coeffi-
cient of exchange may vary st least 10-100 times its value during 24 hours.
In cloudy weather and with high winds the diurnal variations of the coeffi-
cient of exchange are smaller.

The snnual varistions of the coefficlent in moderate latitudes reach the
greatest values in summer because of the inecreasing roughness and great
superadisbatic gradient of temperature during daylight hours.

In vwinter the coefficlent of exchange diminishes considerably because of
the insignificant roughness of the snow surface and frequent inversions
during deylight hours.

3. On large weter reservoirs (especially on oceans) the coefficient of
exchange in the lower layer of the atmosphere depends mainly upon wind
speed, since the vertical gradients of temperature are usually relatively
small. Besides the wind speed, the coefficient of exchange, in this case,
is also affected by the form of the underlying surface (waves), but, this
influence is comparatively insignificant.

Considerable diurmal and ennusl veristions of the coefficient, and also
some changes caused by & series of variable factors, make it very difficult
to use the mean values of the coefficient in calculations of turbulent heat
exchange by formula (36), and especially so for shorter pericds.

In those cases where it is possible to determine the value of the ex-
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change coefficlent, and the vertical gradient of temperature is lmown, the
value of the turbulent heat flux cen be calculated by formula (42). How-
ever, since avallable results of the gradient measurements are very gcarce,
use of formula (42) in determining the turbulent heat flux cannot be of any
great importance in climatologicel calculationms.

It is much easier to use formula (37) for determining tbe turbulent heat
exchange from data of numerous observations, since this formula contains a
characteristic integral of the vertical turbulent transfer btetween the
underlying surface and the atmosphere D (the coefficient of the outer dif-
fusion) instead of the coefficient of exchange % .

The coefficients [ and # are directly related to each other. After
integration of equation (36) by z , between the level of z=0(wheret=5,)
and the level z with temperature.s , we will obtain the formula:

8,—0
pP— F‘p(}w )‘ (51)
dz
[
and resulting from this: ¥
D=—1-. (52)

]

JE

]

But it should be indicated here thaut value % differs from coefficient D by
its comparatively small dependence on height. Elementary estimates have
shown thet begioning with the height, on the order of one meter, the change
of level z by several times would change coefficient D only by a few per
cent.

The diffusion method for celculating the turbulent heat exchange, which
is connected with formula (37), is used in modern investigations for water
reservoirs, and for land.

Let us examine first a somewbat more complicated problem of determining
the turbulent heat exchange on land by the diffusion method.

In this case, considerable difficulties arise in connection with the
necessity to estimate two parameters in formula (37) - the coefficient of
outer diffusion D and the temperature of the underlying surface 0,..

To determine coefficient D for lamd, two basic methods could be used.
The first ie based on equation (52), i.e., on utilization of the relation-
ship of the outer diffusion coefficient and the exchange coefficient.

When performing the integration of the denominator in formula (s2) 1t
should be kept in mind that, the turbulent exchange regulerities
near the underlying surface, i.e., with very amall values of z, are very
complicated ones,

The authors of the majority of esrlier theoretical researches on heat
exchange and evaporation have used different hypotheaes, about,the form of
function #4(z) with smell z , for determining the integral ‘dz . This
was done without any substentiative proof. 2

So, for instance, in the work of M.E. SHvets (1941 /2347) it was assumed
that the coefficient of diffusion for heat end moisture transfer is deter-
mined by formula:

k=ki(z+2z,), (53)
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vhere Zo— is the aerodynamic roughness.

In other investigations (Dorodnitsyn,lgkl /Gu7; SHvets 1943 /235];
Lidtershtein and CHudnoskil 1946 [164], and ofhers) the following model
was used:

b=kt k, (59
(  k,—coefficient of molecular diffusion), i.e., it was assumed that, at
the surface the value of the exchange coefficient reeches that of the co-
efficlent of molecular diffusion, which is usually considerably smeller
than value 4z, )

In addition, some authors, when using models (53) or (54}, assumed that,
at the surface a thin laminar sublayer exists in which the diffusion bas a
molecular character; Millar {(1937) end Montgomery (1940) also essumed that,
over ‘the sea surface the height of the laminer subleyer is determined by
the Karman laws.

The results of numerous observations of the vertical distribution of
wind speed in the air layer neer the ground showed that, the prevailing
wa jority of nmatural surfaces on land are "rough," which means that the
transfer of turbulent friction to the underlying surface occurs not through
the sublayer by molecular viscosity (ae in smooth tubs), but directly by
the elements of roughness {irregularities of soil surfaces and plents),
upon which local gradients of pressure are dependent.

Consequently, it might be assumed that, in natural conditions, an aero-
dynemical laminer sublayer with molecular conductivity for heat and moisture
diffusion, practically does not exist.

In order to solve the problem about diffusion in the proximity of naturel
rough surfaces an experimental investigation was carried out {1947)}. The
temperature of a bare underlying surface, and the alr temperature at several
levels was measured by a thin resistence thermometer.

The ratio of differences in temperature between the surface and a height
of 150 cm (b, —b;;,) and differences in temperature between 55 and 150 cm
(855 — By55), Obtained by meesurements taken during daylight hours, are shown
in fig. 10 by dots.

8565
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Figure 10

The relationship between the difference in

temperatur: at two levels and the difference

in temperature between s0il surfaces and the
air,
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Lines 1 and 2 show the relationship between values (8, —8,) and (85— 8),)
according to formulas (53) end (54). As can be seen in this case,from the
locetion of the dots, both formulas do not fit, since jumps of temperature
betveen the underlying surface and the air, that have been predicted by
these schemes, turmed out to be considersbly extenuated. The distribution
of dots in fig. 10, could be described on the average, by line 3, which
fits the value of relationship:

o=t _ 55
e ®

Hence it should be concluded that, the use of formules {53) end {54) for
determining the relationship between velues of the exchange coefficlent and
the coefficlent of diffusion may lead to considerable errors. Instead of
using these equations 1t is expedient to utilize the empirical relation-
ships, which asre analogous to formula (55).

Considering the fact that the following relastionship could be derived
from formulas {37) end (42):

. .
%—0 5
%

(56)

(8,, end 8, — air temperatures at heights of 2z, and 2, ). We will assume that:
D=ak,, (67)

where a— 1s the coefficient which depends on the boundary conditions of
heat exchange of the underlying surface.

Proceeding from the experimentsl data given above, we find that the
value of ﬂ=-ﬁ.0ther experimental results, that have been obtained during
daylight hours over various kinds of surfaces vithouti, vegeltetion,usually
provide values of a that vary between the limits of - — o5

For night periocds with temperature inversions, in the air layer near the
ground, coefficient @ grows considerably in comparison with the daylight
hours' values and, on the average, it exceeds these values by 3 - 5 times.

Although, determining coefficient @ in each individual case is usually
a difficult matter, nevertheless, formula {57) could still be used for
estimating the meen values of coefficient D.

Other methods for determining the coefficient of outer diffusion, by
analogy with methods for calculating the coefficient of exchange, are based
on measurements of heat and moisture streams. So, if data of evaporation
rates are available, coefficient D could be determined by the following

formula: E (8,-~8) 1
DTl —n - )

O} Determination of coefficieat z is connected with considerable methodical
difficulties because of the necessity to measure the temperature of the
underlying surfesce 0, . Utilizetion of mercury thermometers or various
kinds of electric thermometers with sensing parts thet were not thin enough,
resulted in considersble errors in determining 6, and subsequently, in the
calculations of value a But the most complicated problem is the measaure-
ment of temperature of underlying surfaces with vegetation.
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and, if data on the measurement of radiation balence and on heat exchange
in soil ere on hand, the following equation csn be used:

R—A

Tla—w]
[‘+Z(B:—ﬂz)

= (59)
%5 (% —9)

By application of these relationships, & series of date on the coeffi.
clent of externsl diffusion on lend has been obtained.

Proceeding from avellable data the following conclusions concerning the
principal properties of the coefficient of external diffusion can be derived

1. The external diffusion coefficient varies only slightly with the
change of the level at which the temperature (or moisture) are meesured but,
only when this level is higher than 1 m.

2. The mesn values of the external diffusion coefficlent, during day-
1ight hours on land, sre on the order of 1.0-1.5 cm/sec, With inversionms
the external diffusion coefficient decreases, in comparison with its values
at superadisbatic gradients of temperature, but the dependence of the co-
efficient of external diffusion upon thermal stratificetion is markedly
weaker than the analogous d of the h coefficient {this 1is
effected by certain chenges in the conditions of heat exchenge on the under-
lying surfece, and reflected in corresponding changes of coefficlent a ).

The mean daily values of coefficient D are markedly smaller than those
for daylight hours, and for the warm season on 1land they are about 0.6-0.7
em/sec.

In dry regions the coefficients of exterpal diffusion are usually some-
what higher than those in moist areas.

3. On large water bodies the coefficient of external diffusion changes
considerably, depending on changes in wind velocity. On land, the mean
values of this coefficient depend on wind speed to & much lesser degree
aince, in the first place, the variability of the mean wind speed on a
great portion of land 1s relatively low, and in the second place, & reduced
wind velocity observed at superadiabatic gredlents results ip a greeter
effect of the thermsl fectors on turbulent exchange, which partly compen-
sates the reduction of the extermal diffusion coefficlent (Budyko, 1947,
1948a /38 & 397 and others).

A lesser variability of the external diffusion coefficlent on land, es
compared with the variability of the exchange coefficient, facilitates the
utilization of its mean values in climatological caelculations. However, in
calculationas of heat exchange in water reservoirs for a long period, it is
necessary to even take into account the dependence of coefficient D on wind
speed.

? Besides difficulties encountered in determining coefficient D,vhen cal-
culating the heat exchange on lend by formula (37), there will also be some
difficulties in determining the temperature of the underlying surface 8,.
The concept of the underlying (or active) surface,which was established
much earlier by A.I. Voelkov (1904 /B97), eppears to ve very complicated
for land surfaces. In this case, especially so for vegetation, the under-
lying surface actually presents a leyer of conslderable thickness, and
inside this layer, more or less, rapid changes of temperature, and other
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meteorologlical elements, take place in & vertical direction.

The on%y, more or less, reliable method for detemintlgz t:: ﬁ;mﬁ?::gz_
of the underlying surface under various conditions, is : u o DeasuTe-
stion thermometer, i.e., & method for calculating temperi urethm pensure
ments of the change in the long-wave rediation flux. This me o aioat
successfully employed in a serles of researches but, because Of

ties it is not very popular. .
difz:i; other methods for m}:aauring the velues of 9, , the use g; thi:her-
resistance thermometers has brought some satisfactory results. 1the::. bher-
mometers were placed on &, more or less, leveled soll surface witho -0
o oy

tat;olesser degree of accuracy wes obtained by meesuring the tempergzurercif
the underlying surface with mercurial thermometers plageltbonut;xe h:o ; l::\m
face. Some researches (for instance that of Zubenok,[lo_ 1947 ve ™
that even on the bare soil, the readings of the mercury thermometers ciu
heve considersble errors in measurements of temperature of the underlying
surface. However, it must be kept in mind thet those errors that arlse
from use of the mercury thermometers are to & certaln extent of a syst::-
atlc nuture, which facilitates the estimation of these errors in determin-
ing t eat exchange values.

ngInhzn: of the in%:atigstions on hest balance (Budyko, 1947 B§7), an
approximate method was suggested for ca]_.culating the sums of turbulent e)fc—
change from datae of standard meteorologicel 9bservations that make use o
surface temperature measurements with mercurisal thermometers.,

This method takes into sccount the correlation (foullnd by L.I, Zubenok,
1947 /I047) between the temperature gradients in the air layer near the
ground end temperature differences between the soil surface (with grass)
and the air, measured with mercurial thermometers.

This relationship for daylight hours is represented by formula:

48, = 1748, (60)

where 40, — 1s the difference in temperature between the soll surfece and

air at a beight of about 2 m; A6 — the difference in air temperature at

various heights, the netural logerithm of the ratio of which equals 1.
From equations (42) and (49) we find that:

A8
P =0, 144pc,b08u(1 +c(A—u),], (61

where ¢=1 mz/aece degree;Ag and Ay —~differences in temperature and wind
apeed in a vertical direction in the lower air layer at various heights,
the natural logerithm of the ratio of which equals 1.

Considering the relationship between verticel gradients of temperature
and wind speed, it can be concluded tbat for the average wind speeds at
superadiabatic temperature gradients the value of the turbulent heat flux
changes only slightly with the change in wind speed. This permits an
approximation of formula (61):

p—048(88)? cel/en®/min (62)
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which is satiafactory for use with mean values of wind speed and for a
broken order of severasl centimeters.

Substituting for value 48 , the difference between the temperature taken
with a mercurial thermometer (placed on the natural soil surface between
the plants) end the air tempersture A8, from equations (60) and (62), ve
obtain an approximate equetion for turbulent exchange :

P=096(a0)"" 1 /cmz  fhour (63)

In calculations of turbulent exchenge from data of standard observations,
we can usually employ value 46, only for observations taken at 1 p.m.; in
calculations of the total heat exchange during all daylight hours (during
the period with superadiabatic lapse rates) the regularities of diurnal
variations in the turbulent hest flux should be taken into account.

According to caleulations by L.I. Zubenok (1946 /I03/), the diurnal vari-
atlon of turbulent heat exchange during daylight hours 1s well described by
a simple sinusoid equation,

Accordingly, the daily total of turbulent heat exchasnge cen be determined
by formula: 2 N

p=Lr1p,, (©4)

vhere P, —1s the daily totel of the positive (directed upwerd) turbulent
stream of heat, P, — the highest dsily value of the turbulent heat streem,
T¢— duration of the positive heat exchange during 2h hrs, (diration of
the period with a superadiabatic lepse rate).

Assuming that the highest value of the turbulent heat exchange differs
only slightly from the magnitude of heat exchange at 1 p.m., we obtain the
following formule for caelculating the sums of the positive turbulent heat
exchange from formules (63) and (64):

.
P=081T, (20" cal/en?, (65)
where Ty 1s in hours.

Thé smount of negative turbulent heat exchange during & more or less
longer period, is usually considerably smaller tben the amount of positive
heat exchange. The cause of this phenomenon (which 1is usually called the
ventil nffect), 1s seen in the fact that when the streem of turbulent heat
1s directed downward, which happens in temperature inverslons, the turbulent
exchange 1s reduced considerably. A4nd conversely, when the stream goes up-
wards, the superadiebatic stratification of temperature reinforces the tur-
bulent mixing. This results in a considerable difference between the meen
velues of turbulent streams, which are directed from the esrth's surface to
the atmosphere and those which go from the atmosphere to the earth's sur-
face.

In calculations of the sums of turbulent heat exchange ,negative values
of the same can be roughly evaluated, since these values are relatively
small, So, for lnstence, in the author's work (1947 /387) the annual sum

7) More details about the ventil effect and its significance for some
processes in the air layer near the ground are given in §10.
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of the turbulent flux's negative emounts (observed in diurnal veriations)
was assumed to be approximately equal to 20% of the spoual emount of hest
exchange for the southern section of European Russie.

The outlined method for the climatological calculation of turbulent heat
exchange sums has been verified by the equation of heat balance (see §6),
vwhich rendered quite setisfactory results. It mst be noted that the eppli-
cation of this method is only possible for long period aversges; for short
periods, however, use of the approximated formulas (62), (64) and especially
(60) may lead to considersble errors. On the other band, this method is
apparently of little velue for calculating heat exchenge in wooded regions
vwhere the relationship shown by formule (60) is of e very conventionel char-
acter. Subsequently, this method can not be regerded as basically universal
for determining the sums of turbulent heat exchange between the lend surface
and the atmosphere.

Among other ways of climatological computetlons of turbulent hest ex-
chenge, the idea of M.I. TUdin deserves notevorthy attention. din sug-
gested 8 determinetion of the heat stream magnitude from the amplitude of
diurnsl variations in temperature (fUdin 1948 /51&37) Developing this idea,
M.I. fUdin ohtained interesting results, however his method bas not been
vworked out into & computation scheme which would be convenient for s larger
practical utilization.

In climatological calculations, the values of turbulent heat exchange on
land are mostly determined by solving the equation of heat balance,

The simplest wey to do this is to determine the heat exchenge as the
remeinder of the terms of belance, l.e., according to formula:

P=R—LE—A. (66)

This method, which already has been used in many investigations, gives
satisfectory results in thogse cases when velue P is not very small in com-
parison with the principal terms of heat balance (mainly as compared with
radiation belance)., In those cases, however, when the turbulent streem is
much smaller than ihe radiation belance, the method of the "remainder term”
may lead to large relative errors. Even errors in the sign {i.e., of di-
rection) of the turbulent flux may arise here.

Other methods of calculating the turbulent heat exchange on land, based
on the equation of heat belance, and calculations of the underlying surfece
temperature will be analyzed in § 5 together with the description of meth-
ods for calculeting losses of hest for evaporation.

Now let us go over to the problem of determining the turbulent heat ex-
change hetween the water surface and the atmosphere.

Climatological caleulations of turbulent heat exchange over water bodies
are, as 8 rule, mch simpler in comperison with those for land, because of
the possibility of using standard water surfece tempersture observations.

The diffusion method for ecslculating the turbulent heat exchange, based
on an applicetion of formulas (37), mey be used for determining the amount
of turbulent exchange from data of the many stenderd observetions. The
only prerequisite is that the magnitude of the coefficient of diffsuion D,
dependent on meteorological factors, be evaluated.

The method of determining this coefficlent for the water surface was
examined by Sverdrup {1936a) in en investigation of methods for determining
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the evaporation from water aurfaces.
For this purpose Sverdrup integrated formula (38) by =z, assuming that
in the lower turbulent sir layer the coefficient of exchenge depends onm the

height, according to formule: =k (z+2;)

(vhere z,—1s roughness), and over the sea surface there exists a thin
subleyer with thickness 4, in which the coefficlent of exchange is equel
to the coefficient of molecular diffusion (R=k,).
After integretion of the indicated relationship by # from 0 to z , in
the laeyer of turbulent diffusion, the following equation was obtained:
ot (90— 1q)
= @n

EY
( ¢— specific humidity at height z,, g, — specific humidity at the upper
boundery of the sublayer of molecular diffusion).
Integrating formula (38) by z, inside the sublayer of molecular diffu-

sion, we obtain the equetion:
PRy (4, — Qo)
=% (68)

( g,— 1s the specific humidity of saturated water vapor with respect to
the vaporizing surfsce temperature

By eliminating ¢, from (67) and (68), end substituting g, , eccording to
formule (h7),Sverdrup obtained the equation for evaporation from ocean
surfaces:

Phou (95 —4q) (69)

E=
YR
nd 4 3 e bR

where 4 — 1s wind velocity at height z,.
From these relatlonships the following equations for determinlng D and

P' could be obtained: D ™

R wiiE o
and
higu (B, — 0
p=_ttela=l) o

ud + _o_ 2Bt 11+ £

Formula (71) was initlally found by P P. Kuz'min (1938 /_h]) To make
use of formulas {69) and (71),two paremeters must be defined: roughness
of the sem surface z, and thickness of the sublayer of moleculer diffusiop d.

Sverdrup assumed that in accordance with a well-known aercdynamic re-
lationship,vwhich was derived from tubes with rough surfaces,the megnitude
of the sea surface roughness is 1/30 the meapn height of the surfece irre-
gulerities {waves). Sverdrup estimsted the velue of 4 by using data of
his observations on Spitzbergen and observaetions of Wist on ses surfaces;
on the basis of these results he defined the aversge value of d as equal
to 0.10-0,15 cm.

Afterwerds, Rossby (1936) shoved thst, actually the clue to the roughmess
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of the sea surface depends only slightly on wave heights , and therefore
the roughness should be taken as being constant for various rates of wind
speed. Furthermore, in msny works (Sverdrup, 1937, 1940, 1946 etc.) this
formula was improved s great deal, however, the relationships found in these
works bave not been used extensively in calculations of evaporation and of
turbulent heat exchange in water reservoirs.

This epparently, was associated to a certain degree with the fact that
the schemes of diffusion in the lowest air layer, which have been used by
Sverdrup and also later by the other authors, were, to a considerable de-
gree, of a speculative character, and it was extremely difficult to verify
them by any somewhat reliable experiments.

Therefore, the majority of the subsequent asuthors preferred to use a
simple relationship for calculations of turbulent hest exchange:

P=cpau (he—9), (72)

where a is the coefficient of proportionality independent of wind speed and
defined by the equation of heat balance or in any other way.

It mist be indicated that the supposition about the independence of co-
efficlient ¢ from the wind speed does not imply sny substantial qualitetive
differences in formulas (71) and (72}, since the relationship given in
formla (71) is comparatively weak.

The magnitude of coefficient ¢ , according }o date of most recent
studies, is on the average, close to 2.4 * 10 g/cm3 (provided that meas-
urements of wind speed and air temperature were made at standard heights
used in ship observations). This value was, for instance, obtained in the
Central Geophysical Observatory (Budyko, Berlfand, Zubenok, 195he /517),55
the mean value for the world's ocesns. It must be noted here that, The
computation of coefficient g ,by using the Sverdrup formla,gives on the
average, a figure that is very close to that indicated above.

It is quite concelvable thet, for separate regions of the world's oceans
and for various water reservoirs, the value of coefficient a might be
slightly different.

There are some date which indicate that this coefficient is somewhat
smaller for the inner seas (Caspian end Aral) than its average values for
open oceans.,

However, the majority of sclentists assumed that, the possible varistions
of coefficient 2 ere comparatively smell and can be neglected in approximate
calculations of the turbulent heat exchange and evaporation.

Oftentimes, for the calculetion of turbulent heat exchange in water
reservoirs, some formulas based on the so-called "Bowen's reletionship” are
used, which can be obtained in the following wey.

Integrating formula (38) by 2z, we find a relationship similer to eq-
uetion (37):

E=pD(g,~q), (73)

where ¢,— is the specific humidity of saturated air at the water surface
temperature.
From (37) end (73) we find that:
P (y—1)
LETL{g,—q) " (74)
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This relationship is usually applied in the form of:

P 8,—8 B
E=06 25 7o (75)
vwhere ¢, and ¢£— are vapor presgure; §_ air pressure in mm.

This formuls permits a calculation of the amount of turbulent exchange
from data on evaporation. In those cases when these data are missing, but
data on radiation balance and on internal heat exchange are available, the
following equation obtained from formalas (4) and (74) can be used for
computing the turbulent heat exchange:

R—A
L(ss—a)’
tp (B~ )

The turbulent heat exchange in water reservoirs csn .also be defined by
formuls (66); however, its application is often complicated by difficulties
in obtaining a&’sufficiently accurate estimate of the internal heat exchange
value A, for larger reservoirs or for portions thereof.

In summarizing the results we should point out that, for climatological
calculations of turbulent heat exchange on water reservoirs, it is usually
most expedient to utilize formula (72), which permits a determination of
the heet exchange value entirely from data on water surface and air tem-
perature end on wind speed.

For determining turbulent heat exchange on land, in climetological cal-
culations, the equation of heat balance has been frequently used, and tur-
bulent exchange has been computed as the remainder term of the balance. In
comparison with this, another method for determining turbulent heat exchange
on land by using the equation of heat balance has some adventages. This
method is described in § 5 in connection with methods for determining the
loss of heat for vaporization.

pP= (76)

§ 5. The loss of heat for eveporation

The loss of heat for evaporation is equal to the product of the latent
heat of vaporizetion times the amount of evaporation. The latent heat of
vaporization under netural conditioms changes somewhat with variations of
temperature of the veporizing surface according to formula:

L =597 —0,60 xaar, ()]

where §— is the temperature in °C.

In many climatological celculetions a constant velue of latent heat of
vaporization can be used. It 1s epproximately equsl to 0.6 k,g-cal/gr.

Many different methods are in use for determining evaporation under
natural conditions. Anelyzing these methods we will first examine the com-
paratively more complicated problem of determining evaporatlon from land
surfaces.

One of the oldest methods for determining evaporation was based on the
application of eveporimeters of various construction, which can be divided
into two groups: eveporimeters with meximum moistening, and those with sn




isolated monolith. As a sample of an evaporimeter with maximum moistening
the evaporimeter of Dorandt can be mentioned here. This apparatus was
suggested for use in the second half of the last century. It consists of

» metal cyclindrical container with soil connected by a tube to a water
tapk which keeps the soil of the evaporimeter in & state of maximum moisten-
ing. The speed of evaporation from Dorandt's evaporimeter wag determined
by the descent of water in the tank.

Some authors presume that the evaporimeters with maximum moistening show
the maximum speed of evaporation from the underlying surface,vhkich is
possible under given meteorologicesl conditlonms.

Thie is not quite so, since the evaporimeter, installed in the mldst of
a relatively dry soil, presents s limited vaporizing surface, and the speed
of evaporation from this surface under conditions of turbulent diffusion of
water vapor depends on ite size and cannot show the speed of eveporation
from an unlimited wet surface under the same meteorologieal corditions.
Therefore, the speed of evaporation registered by Dorandt's evaporimeter,
vhich when installed, for instance, in & Middle Asian desert, will exceed
considerably thet rate of evaporation from the underlying surface which
would have been observed after maximum molstening of the surrounding land.

Since the data obtained with the evaporimeters of maximum moistening
could pnot be used for determining sctual evaporation from the land surface,
evaporimeters with an isolated monolith without any additional moistening
replaced them at the beginning of the 20th century. The well.known evap-
orimeter of Rykachev (1898 /1997),which consists of an open metal box
inserted tightly imto a camse that is installed in soll,may eerve gs a
sample of an apparatus of this type. A soil monolith with vegetation is
inserted in this box, the box is weighted and installed into the case. The
summarized speed of evaporation from soil and vegetmtion is determined by
subsequent welghings of this box at certein time intervals. For the weigh-
inge the box is tsken out from the case,

At present we have several constructions of Rykachev's evaporimeter,
they differ mainly in the form and size of the box.

Same authors have indicated (Oppokov, 1934 /1B1/; Kuzin, 1938 /I41/, and
others) that because of the insulation f the monolith, walch is Inserted
in the evaporimeter's box, from the surrounding ground, eubstantisl dis-
tortions of the evaporstion conditions will arise.

When, precipitation is excessive,weter in the monolith cannot percolate
down to the underground water end is accumlated in the evaporimeter; under
droughty conditions, conversely, the insulation of the monolith from the
ground weter results in a rapid desiccation of soil in the evaporimeter.

Distortion of the water exchange conditions in the. insulated monmolith
mst, undoubtedly, result in noticeable errors in determining the amount of
evaporation; however, as was found by M.P.Timofeev (1952), the scale evap-
orimeters may present some greater errors in messurements of evaporation
even vwithout these distortions.

Thie conclusion is derived from the principal postulstes of the elemen-
tary theory of scale evaporimeters.

The scsle evaporimeters of the usuelly applied construction, in spite of
popular notions, can not be regarded as absolute instruments, i.e., instru-
ments measuring evaporation directly. From general considerations 1t is
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seen that the scale evaporimeter measures only changes in molsture content
in that monolith which is inserted in the evaporimeter. 'Therefore, when
using this eveporimeter and weighing it at several days intervals, for
determining evaporation, we must have at hand data on precipitation snd on
surface and underground runoff.

Yor those periods when infiltration and runoff are smell as compared with
precipitation (for instance, in climates of insufficlent molstening during
the varmer season), it is usually sssumed that evaporation during the given
periocd 1is:

E'=rttw, (78)

where r—is the amount of precipitation; §w’ — change of moisture content in
the s0il monolith inserted in the evaporimeter.
A'ctually, for these conditions the amount of evaporation must be:

E=rtiw, 79,

where 3w — is the change in water content in the whole layer of the active
moisture exchange in soil.

Because of this the relative error in determining the amount of evapora-
tion with the scale evaporimeter will be:

E—E _ tw—iw (80)
£ T rtdw ' .
and during the period without precipitation:
EoE _twoww @1
E B0

Thus, to estimete the principal error which srises when ueing the scale
evaporimeter, it 1s necessary to compute the ratio of molsture content
change in the layer of soll with a thickness equal to the depth of the
evaporimeter, to the moisture content change in the whole layer of the
active molsture exchange.

It mst be emphasized that the indicated principel error is not directly
related to the distortion of natural conditloms for moisture exchange in a
separated monolith and it would teke place even with a very frequent change
of the monolith. 8)

To estimate the magnitude of the principal error of Rykachev's evapori-
meter, with a depth of 500 mm, vwe give here deta of caleculations made,
pertly, by E.H. Romenove for vericus natural zones of the USSR.

8) To demonstrate the reality of this statement we give here the following
sample of reasoning. Let us assume that we are using this evaporimeter dur-
ing 6 rminless period with soil which dried up down to the level of this
evaporimeter. Then, further loss of molsture would occur from the deeper
1syers of soil. It is obvious that in this case the welghing evaporimeter
would give absurd results no matter how often we change the monolith,

A similsr situstion will slways arise vhen a considerable loss of mols-
ture from deeper soil layers (1in comparison with the depth of the evapori-
mgter) 18 effected by the process of evaporation.



The relationships between changes in moisture content in soil under
surmer wheat in the layer of 500-1000 mm, to the chbange of moisture content
in the layer 0-500 mm, were determined by these calculations. Average data
for the steppe zonme, for vwooded steppe and deciduous forest, and for the
forest zone (coniferous and mixed forest) are given in table 9.

Table 9

The relationship between changes in moisture content
of soil under summer vwheat in the layer 500-1000 mm. and
tbe change of moisture content in the layer 0-500 mm. {in

Steppe Zone
(21 stations)

Wooded Steppe
{13 stations)

Forest Zone

From the last
decade of April
to the laat
decade of August

97

From the first
decade of May
to the last
decade of August

102

From the last
decade of April
to the last
decade of August

28

per cent).

From the last
decade of April
to the first
decade of June

89

From the first
decade of May
to the second
decade of June

(&)

From the last
decade of April
to the second
decade of June

From the first
decade of June
to the last
decade of August

123

From the second
decade of June
to the third
decade of August

177

From the second
decade of June
to the last
decade of August

58

The data 1n table 9 permit us to conclude that, in steppe and in wooded

steppe zonea, as well as in the forest zone during the second half of summey
the molsture content change in the layer 500-1000 mm is quite comparasble to
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the change in the layer of 0-500 mm, end is often greater. A similar de-
duction could be also derived from the analysis of observations on soil
moisture dynamics under a field of winter wheat.

It must be perticularly noted here that, under conditions of deficient
moistening (steppe, wooded steppe), considerable changes of moisture content
in the lovwer soil layer under summer wheat are also observed in May and at
the beginning of June, when the root system of plents does not yet reach
the deep soil layers.

Figures shown in teble 9 permit us to conclude that, in steppe and wooded
steppe zones, as well as in the forest zone during the second half of the
summer season, the change of moisture content in the layer between 500-1000
mm is quite comparable to the change in the layer of 0-500 mm and often is
even larger. A similar conclusion could also be derived from the enalysis
of data on observation of the soil moisture dynamics under winter wheat.

It must be noted, however, that under conditions of deficient moistening
(steppe, and wooded steppe), considerable changes in moisture of the lower
soll layer under summer wheat are also observed in May snd at tbe beginning
of June, when the root system of plants does not yet reach these degper
levels.

From these data it can be concluded that, the use of scale evaporimeters
with a depth of 500 mm will lead to certein errors in measuring evaporation
under conditions of insufficient moistening. These errors, which mainly
lover the measurements of the evaporstion amount during rainless periods,
will, as data in table 9 show, reach a very great magnitude which will be
quite compareble to the exact amount being meesured. For the period with
more or less abundant precipitation, the relative error of evaporation
measurements will be markedly lowered, as is seen from the formulas given
above. However, the error of the eveporimeter as an instrument, measuring
changes of molsture in the active soil layer, will not be diminished end
the accuracy in determining evaporation will be higher only because of the
fact that, in the calculation of evaporation the change in moisture measured
with a considerable error will be added up with the amount of precipitation,
and the lstter cen be measured without any great principal error. In this
case, the error caused by determining evaporation from measurements made
with the scale evaporimeter and with a rain gage will be so much greater,
since the emount of measured eveporetion is greater in comparison with
measurements of the rain gage.

Thus, the scale evaporimeter of limited depth (for instence of 500 mm)
cannot be regarded as a universel instrument which permits measurement of
total evaporation in various climatic regions. Such evaporimeters can
possibly give more or less rellable results only for sufficiently moist
s0il and in the absence of & large root system.

To improve the method of soll evaporimeters the following suggestions
have been made. -

In studies of V.P. Popov (1928, 1929 /190 & 191/) and others, a design
of a scale evaporimeter with a netted bottom is elaborated. The net per-
mitted an improvement of the moisture exchange conditions between the soil
monolith in the evaporimeter and the lower leyers of soil.

A more redical way of improving the soil evaporimeter was used by
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specialists of the State Hydrological Institute (V.A. Uryvaev, 1953 /2237
end others), who designed an evaporimeter containing a monolith of very
large dimensions. Since it was difficult to welgh the heavy monoliths
with the usual scales, this was done by meens of a hydraulic tramsmission,
which permits an eccurate measurement of relatively small changes in weight
of beavy bodies.

By using hydraulic evaporimeters we can obtain some comparatively accu-
rate data on evaporation, though use of this instrument also has some
limitations (eepecially during periods of deep moisture infiltration).

In evaluating the existing results of observations obtained with soil
evaporimeters, it must be indicated that at the present time, some deduc-
tions of a climatological character can be mainly derived from data obtained
vitb}lykacbev's evaporimeters, which were used for seversl years at a few
stations in the USSR (Results of observetions on evaporation . . ., 1939
and others). ’ ’

Taking into account that the accuracy of these deta is not high, and
also rether limited,it must be acknowledged that, for climtologic’al com~
putations of heat losses for evaporation, the data obtained with evapori-
meters have, so far, only a limited value.

Among other methods of determining evaporation that are based on use of
data obtained from special observations, the gradient methods, which are
analogous to the corresponding ways of determining turbulent exchange, must
be pointed out (see § 4). !

The most reliable method for determining evaporation from gradient ob-
;ervations ;.s th:h:ethod of heat balance, which 1s based on the following
o . From equation of heat balance
wemfind e Q : ng (haz and formulee (36) ana (38)

R=—kaa—i—ptpk$+A. (82)

By solving equations{38) and {82) together, we obtain:

R—-A
= 5 (83)
L+¢p%z-
23
or, after integration
by 23
(84)

where 6,—6, &and §i—¢,~— are differences in temperature en
re 8 4 in
humidities at two different heights. specific
The latter relationship, which is analogous to formula (76)
L permits
to determine with sufficient accuracy, the amount of evnpomtic’m for periods
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of time with values of the principel terms of heat balance that are not too
small, i.e., mainly for daytime in the warm season, and also for the mean
daily (or ten-day means and monthly means) of the warm season. 9) It must
also be kept in mind that, in calculatlons made by this formula it is often
possible to either neglect value A, or take it into mccount in a very
rough approximation, since for a more or less longer period of averaging,
this value is usually considerably smaller than R. This simplifies the
procedure of determining the amount of eveporation.

At the present time,formula (Bh) is used for determining evaporation
from data obtained by expeditions and by special stationery observations
(see Franssila, 1936; Albrecht, 1940; Trudy expeditsii GGO and many others).
The spplication of equation (84) to climatological computations of evapor-
ation is hampered by the very limited emount of existing date on gredlent
and balence observations.

A similar gituation exists in relation to the gradient diffusion method
of determining evaporation.

This method, based on formla (40), has been used lately in meny inves-
tigations.

W. Schmidt suggested determining the evaporation from the verticel tur-
bulent stream of water vapor {see Schmidt, 1917, 1925, 1935). Elaborating’
on this idea Thornthwaite and Holzmen (1939, 1942, and others), used formla
(40) and the equation of Rossby-Montgomery for the coefficient of turbulent
exchange.

Tn order to determine differences in specific humidities (9.~9:),
Thornthwaite and Holzman constructed special instruments which were used
for detailed observations on evaporation for almost a year.

As has been established in my works (1946b, 1948e 36 & 39/) these
calculations of evaporation, which were accomplished by Thornthwaite end
Holzman, contained substential errors because of the fact that the formula
of Rossby-Montgomery did not teke into account the effect of thermal

9) In works of meny investigators a large error arose in calculation by
formula (84), since they used mean daily or monthly values of the differ-
ences H—0 and @i

Because of the fact that the deily range of these values is rather
large, and their meen relationships with evaporation are very different,
it is obvious that, by averaging these data in this manner, lerge errors
arige in determining the amount of evaporation.

To verify this assumption the author compared the results of anoual
evaporation calculations for two points, by formula (84) meking use of
the mean values of 0,—8, and ¢ —@ from hourly observations, end for
the meen annuel values (in works of 1946b, 1948e /36 & 397). In the
second case the amount of evaporation appeared as being twice as large
as that in the first cese, This confirmed the impossibility of applying
mean values of temperature and humidity gradients to calculations of
evaporation by formula (84).
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stratification on turbulent exchange, and consequently, geve mach lower
values of the average exchenge coefflcients. R

Much more accurate results of evaporation calculations by the diffusive
method can be obtained by using formula (49) for computing the exchange _
coefficient. This method hes been used by meny authors (@d%ko, 1948a /397;
Grigor'eva, 1649 /B5/; Ginsburg, 1949 /79/; Rusin, 1952 [198/; and others).

We will not go into detail in explaining this method, but one remark must
be made to the effect that, at the present time it is used, as well as the
method of heat belance,mainly for generalizing data of special stationary
or expeditionary observations.

For determining mean amounts of evaporation from land, the method of
vater belance is preferred when compared with gradient methods.

For the average annusl period, according to equation (18), evaporation
can be determined by formula:

E=r—f, @)

i.e., as the difference between the amount of precipitation and runoff.
This way of determining mean annual amounts of evaporation has been
largely used in many investigations. The caluclations of evaporetion by
water balance permitted the design of quite a few maps of evaporation and

loss of heat for evaporetion (Xuzin, 1934, 19%0,1950 /140, 142 & 1437;
Budyko, 1947 /387; Troitski¥, 1948 /220/, end others) and gave extensive
data of mean annual amounts of evaporation.

It must be remembered that calculaetions of evaporaticy by formula (85)
give the most relisble results for comparatively large surfaces - on the
order of thousands and scores of thousands of squere kilometers.

For surfaces of more limited dimensions calculations by formula (85)
may lead to noticeable errors because of difficulties involved in the
accurate evaluation of the moisture redistribution by the underground runoff.

For shorter period averesges, in calculating ennual variations of evap-
oration, for calculating evaporation of single years and months, etc., it
is feasible to use, instead of formula (85), a more general relationship:

E=r—f—b, (86)

vhich is obtained from equetion (17).

Since it is very difficult to determine the value of the complete change
in moisture content of the lithosphere's upper layers p , and since this
value is quite comparable to the amount of evaporation E s calculations
by formuls (86) will not always give sufficiently reliable results for
indicated periods.

The simplest way is to use equation (86} for determining evaporation of
the warm season under conditions of insufficient moistening, when changes
in moisture content b sre determined mainly by dynamics of molsture in
the upper soil layers.

As we know, observations of moisture content in the upper layers of soil
are taken regulerly at meny agrometeorological stations of the USSR, and
therefore, for the zone of insufficient molstening, it is possible 1".0
calculate the amount of evaporation by formula (865 making use of the emple
data of hydrometeorologicel observations.

T

It should be remembered however, that data on soil moisture are
spatially very inhomogenious, and it 1s necessary to resort to considerable
averaging of the initial results when calculating evaporation from climsto-
logical date.

Since, for s considerable portion of the land, no reliable data on run-
off could be found, the water balance method cannot be regarded as 8
universal one for determining evaporation from land, not even for average
ennual amounts. For shorter averaged periods, the use of this method is
still more limited.

Because of this, quite a few investigations have been concerned with the
development of methods for determining evaporation from the land surface
by merely using data on observations of ordinery meteorological elements:
precipitation, temperature and humidity of the air.

Let us examine first the climatological methods of celculating evapora-
tion for average annual conditions.

In the work of Wundt {1937), by generalizing the results of calculations
of evaporation made by the water balance method, en empirical relationship
between the annual amount of evaporation, and amount of precipitation, as
vell as the mean annual temperature, was established, The nomogram of
Wundt, which was constructed on the basls of this relationship, was used
in some hydrological researches, perticulerly by M.I. L'vovich in calcu-
lating the normels of runoff on various continents (1945 /1627).

Verificetion of Wundt's nomogram shows {Budyko, 1951b _7_1:6 ) that,
noticeable errors occur in calculetions of evaporstion. These errors are
associated to 8 certain extent with the fact that Wundt used the mean annual
temperature as the index of the thermal effect on evaporation (it is well
known that, mean annuel temperatures in moderete and higher latitudes depend
a great deal on temperatures of the cold seasorn, vherees evaporation is
determined almost entirely by tempsratures of the warmer season).

A somewhat more rational index of the thermal regime was chosen by
B.G. Ivanov, who also constructed en empirical diegram showing the relation-
ship between the annual amounts of evaporation and precipitation, as well
as the saturation deficit (1940 /I117).

In comparison with these purely empirical methods, genetic methods based
on certain physical concepts are of greater importance in determining annual
amounts of evaporation.

The first genetic method for climatological calculations of evaporation
was suggested by E.M. Ol'dekop, who substantiated the formula showing the
dependence of evaporation on precipitation and evaporability (0l'dexop, 1911
/1807). 1In my works (1948a, 1948b /39 & 407), on the basis of a joint
analysis of heat snd weter balance equations on the land surface, the

wrelation equation” was obtained - the dependence of evaporation on
precipitation end on radiation balance, which presents, to a certain extent,
a generalization of Ol'dekop's equation.

This equation shows the relat%on between the ratio of the mean annual
evaporation and precipitation Z and the ratio of the rediation balance
and heat amount that is required ror the vaporization of the annual amount
of precipitation Z; , i.e.,

L=a(f). &7
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where ¢ —is & definite function. )

A detailed snalysis of the "relation equation” will be given in § 10.

We will only present table 10 here, which was compiled from the "relation
equation” that permits computation of evaporastion from date on precipitation
and radiation bvalance.

Teble 10

The relations between the precipitation, eveporation and radistion balance.

R 0.10 0.20 0.30 OMko 0.50 0.60 ©0.70 0.80 0.90
Ir

E_ 0.0 0.20 0.28 0.35 Ok 0,50 0.56 0.62 0.66
r

R 1,00 1,20 1.0 1.60 1.80 2.00 2.50 3.00

Ll’ .

E  0.70 0.76 0.82 0.86 0.88 0.90 0,94 0.97

T

It should be mentioned that the value of the radiation balance R , which
is included in this equation, indicates the potentielly possible eveporation
(evaporability) and therefore must be computed for a moist surface in the
given land (see chapter IV). Value R 1s close to the actuel velues of
radistion balence in a more or less humid climete, but in dry climates it
might be substantially greater than the indicated values. In approximate
calculations of evaporation by means of the "relation equation,” the mean
latitudinal values of R can be largely used, since interlatitudinel changes
of these values are comparatively small in the major portion of the plain
land {except in arems with monsoon climate and some other coastal regions).

The problem of calculating evaporation from data of ordinary meteorolo-
gicel observations for periods of a few months or scores of days is much
more complicated than that of determining ennusl emounts of evaporation,

In one of the first investigations concerning this problem, P.S. Kuzin
suggested determining the evaporation from land, under conditions of an
excesslve moistening, by a method that is similer to that for calculating
evaporation from a water surface. In his papers (1934, 1938 /140 & 1417)
Kuzin used the following formula for determining evaporation: -

E==ad cal-cn?/min (88)
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vhere @~ ig the saturation deficit in mn, a-—coefficient, approximately
equal to 14 - 15,

In one of the indicated investigation (1938 /I41]) P.S. Kuzin also
suggested an empiricel formula for determining the evaporation of individ-
ual months under deficient moisture conditions.

In the development of climatological methods for calculating evaporation,
the works of B.V. Poliakov (1946, 1947 /187 & 188]) are regarded as impor-
tant contributions; he was the first to use the numerous date on the dynam-
ics of moisture in the upper soil layers for determining evaporation. This
permitted him to find empirical relationships between evaporation and mete-
orological factors under conditions of excessive moisture as well as de-
ficient moistening.

For this computation B.V. Polf;kov constructed graphs which show the
amounts of evaporation dependent on mean air temperature a.nd’\ precipitation
for each month of the warm season. For the cold period Poliakov suggested
a graph which showed the evaporation for individual geographical regions
to be dependent on air temperature. In a paper published in 1947,Poliakov
recommended the use of corrective coefficients for some regions when deter-
mining evaporation from those graphs. It must be noted that, the graphs
of Poliskov are now largely in use for determining the evaporation from
land.

A verification of the evaporation amounts calculated from Poliakov's
graphs, by comparing them with numerous data on water balance has shown
that, annual amounts of evaporation computed for various climatic zones of
the USSR from Poliakov's graphs are, as a rule, in good agreement with the
annual amount of evaporation calculated from the water balance.

Some less satisfactory results have been cobtained from verifying the
method of Poliskovsas applied to calculating monthly amounts., Here the
calculations from Polfakov's graphs were compared with calculations of
water balance, by teking into account changes in the moisture content of
the upper layer of soil lm deep, in cultivated fields, from data of numerous
agrometeorological stations. It should be noted that the determination of
evaporation from the water balance, for & single month, is of course, not
free from some errors {data on dynamics of moisture in cultivated fields
cannot be quite typical for the given region sas a whole. Some errors might
arise beceuse of difficulties involved in estimating the rate of infiltra-
tion, ete.). However, since the method of Poliakov hss been substantiated
in the same way {but only from comparatively sparse data), it is obvious
thet, for verifying it, use of the indicated data is quite legitimate.

As the calculations show, in most cases the annual variation of evapora-
tion calculated from Poliakov's graphs differ from those calculated by the .
water balance method. The graph gives noticeably extenuated values of
evaporation in summer and somewhst exaggerated values for spring snd autumn.
When summarized for the whole year these discrepancies are ususlly compen-
sated to a certain extent, and that is why annual amounts of evaporation
obtained by Polimkov's method ere well in keeping with those obtained by
using water balance calculations. _

Among other deficiencies of Poliakov's method it must be mentioned that
the principle of ting the 4 4 of evaporation on time is not




™

st appropriate one. __ . .
theIﬁoin tﬁs sgheme of Poliakov, the dependence of evaoratlgna;zu;;zeof
would be of & physical nature, then obviously, the calcul: :ith O anitial
evaporation for certain months should n]o-ttt.:hange very mucl

s of the periods selected for calculations, X
dat}iowever, tﬁ: verification bas shown that for many 1_)01ntsﬂt]ksle z:;l:ug::]iyﬂ
evaporation calculated by Poliakov's method for certa}n mon thé e
slightly changed by some tenths of a per cent, dependl.ngdo:hE e venoration
of periods for which the initiel deta were averaged.a.n D e lated
calculated. For instence, the amount of evaporation in May, as e e
from Poliskov's graphs, cen differ greatly in case ve calculite :era e
period from May 1 to June 1, from that which was calct]llated yle; andgMay
the results of calculations made for the period: April 15-May
- taking into eccount the annual march.,
¥ ;zﬂzhigé on otﬁer particular deficiencies of Poliakov's methoi, :3 only
notice that this method cannot be applied to most of the tropi;:: haare
subtropical regions, because of the limited range of changes wh cl TS nts
accounted for by the scheme of celculation based on meteorological e
recipitation). 3
(tezlﬁr:;‘;:eérgvideg for a <):onc1u’§ion about the ir'ladequate effectivemzss of
the method suggested by B.V. Poliakov, although, it seems to us thatl nl
some cases it is of possible use for some approximate evaporation calcula-
1::Log:.\.lerel climatological methods for calculating annual variations of
evaporation from land have been suggested by F. Albrecht {1950).
Some of these methods are based on formula:

E=(ex—e)f(v), 89)

where e;— absolute humidity of saturated air at the lend surface tempero-
ture; ¢— absolute humidity of the eir; f(v)— a function depending on
wind speed; & — parameter indicating the effect of the propert%es"of an
underlying surface on reduction of evaporation (Albrecht calla it "the
water covered portion of lend"). . )

In formule (89) « will be equal tol for an absolute woist surface (and
then this formula 1s transformed into a well-known relationship for evap-
oration from water surfaces), and for a partly dry surface a< 1.

Formula (89) is deemed as not quite sufficient, since.it involves an
obviously incorrect dependence of evaporation on air humidity, Ind-eed’lf
the soll has partly dried up and eveporation wes reduced in comparison to
that from the water surface, z must be less than one. Iet us assume, for
instence, that =07, then, according to Albrecht's formula, the evapora-
tion (under conditions of an isothermasl stratificaetion of t‘emperat\:lre in
the air leyer near the ground) must equal zero at the relative humidity
of 70%, end when the humidity increases above 70% condensation must begin,
It is obvious that, in natural conditions nothing of the kind 1is ever
observed.

It is very characteriatic that Albrecht did not succeed, as he admits,
in 'finding a relation between the parameter & and moisture conditions of
soil, although, sccording to the very meaning of the problem, this parameter
should have taken into account the changes of soil moisture in the first

(&

place. Instead of this Albrecht found an empiricel dependence of the values
a on the mean monthly relative humidity. This relationship has no physical
sense and does not eliminate the controveray indicated sbove; when relative
humidity changes during a short period (for instance in daily variations)
then, according to formula (89), evaporstion must be replaced by condensa-
tion, even when the relative humidity in the air layer near the ground is
considerably lower than 100%.

Among other methads for the climatological caleulation of evaporation
that wvere suggested by Albrecht, we will mention only the method of heat
balence, which is based on the use of equationa:

E=-j-(R—P—4), (20)
P=(0, —0)f(v), o1

vhere [ — latent heat of vaporization, P — turbulent heet exchenge, 4 _
heat balance in soll, g-— air temperature, §,— soil surface temperature.

The application of this method (which is, to a certain extent, similar
to that used by the suthor in an investigation in 1947 /387) is hampered by
the difficulty of interpreting the available results of observations, ob-
tained from the station network, on soil surface temperature. Moreover,
vwhen calculating evaporation by equation (90) a rather large relative error
has often occurred, since the difference of values R and (P4 A)is in many
cases not very great as compared with value R.

The third method for the climatological calculation of evaporation that
has been suggested by Albrecht is based on the application of the equation
of water bamlance. Albrecht suggests, as did the author of this work {1950b
[1327), for this purpose, to solve the equation of water balance for certain
perlods by taking into account the dependence of the relationship of evap-
oration and evaporability on characteristies of soil moisture. However,
the form of the letter dependence is incorrectly presented by Albrecht,
according to my opinion, which results in serious defects in this method of
calculation.

Not touching any details in Albrecht's reasoning, we will only notice
that, under conditions of excessive soil moistening he obtains the following
formla for the speed of evaporation:

E=rtak,,

vwhere r— precipitation, £,—evaporation, & — coefficlent equal to 0.5.
This relationship is physically unjustified and leeds to an absurd
conclusion that, in case of an excessive moistening, the evaporation will
approach the evaporability only if precipitation is equal to one hslf of

the evaporability.

Consequently, it must be assumed that calculations of monthly amounts
of evaporation which were done by Albrecht with the water balance method
(including the constructed msps of monthly evaporation for Australia), ere
not sufficiently justified and may have considerable errors.

Among other climatologicel methods for calculating the annual march of
evaporation the proposition made by N.A. Bagrov (195ke /I77) deserves
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attention. He recommended as applicsble for this purpose, @ generalized
formila of Ol'dekop which uses & rather complicated method of indirect
accounting for moisture conditions in a given month {or decade). We must
remember that, E.M. Ol'dekop himself tried to apply the formula that he had
found, for calculations of the annual march of eveporstion. However, the
difficulties in mccounting for moisture conditions of individual months did
not allow him to obtein satisfactory results. Bagrov's proposition presents
of course e certain step forward in comparison with Ol'dekop's celculations;
however, it is desirable in order to evaluate this proposition, to verify
it egainst empiricel data on dynemics of soil moisture in its annual march.

The widest prospects for determining evaporation from lend for months
and decedes are opered by genetic methods of calculation, which ere based
on a direct estimation of all components of water balence for the enalyzed
periods of time, also including chenges of molsture content in soil. 1In
creating a rational method for calculating evaporation, e great lmportance
will be also attributed to & direct estimation of the influence of solar
energy balance, as the most significiant factor in the evaporation process.

In the author's paper (1950b /E4/) a method for celculating the ennual
march of eveporation was suggested, It was based on @ simltaneous solution
of equetions of the water and heat belences. This method was used in many
calculations, but its cumbrous and complicated formulas limited the possi-
bilities of a wide application.

As it turned out later, it was possible to simplify the scheme designed
for calculeting evaporation, and to simultaneously provide for greater
detailization,

Let us outline the fundamentals of this simplified method of calculeting
the annual merch of evaporation in the most condensed form.

P.S. Kossovich initially established that, the process of evaporation
from the soil surfece is charscterized by several different stages. In the
first stege, when a considersble amount of moisture is avallable in the
soil, the speed of evaporation, as has been established by numerous experi-
mental investigations, does not depend on soil moisture and is basically
determined by external meteorological factors. Results of investigations
of A.M, Alpet'ev {1950, 1954 _/_fl & 127) are of considerable importance.

He proved that, on fields with cultivated crops, the first stage of evap-
oration is observed inside a rather lsrge renge of soil moisture variations.
According to Alpat'ev, when soil moisture is not lower than 70-80% of field
capacity, evaporation from crop fields is close to the value 'of evapora-
bility, 8nd consequently, mainly dependent on meteorological factors.

With the drying out of soil, starting with the critical moisture of
soiJ_., evaporation passes to the second stage when the speed of eveporation
repidly decreases with the diminishing of soil moisture. There ere many
experimental data (F.A. Kolidsev, 1939 /1317 end others) showing that in
this case, the speed of evaporation from soil surfaces depends on the
content of moisture in soil and this relationship could be considered as
being very close to linear.

An analogous conclusion could be also derived from the anslysis of
experimentsl data obtained by S.I. Dolgov (1948 /5;7) that show the evap-
oration from soll covered by vegetation, According to these results in
the second stage of evaporation, the speed of evaporation also diminished

7

approximately in a linear proportion to the decrease of soil molsture.
Since evaporation from soil covered by vegetation becomes insignificant
vhen it reeches the wilting point, then subsequently in this cese, the
speed of evaporation cen be assumed as being proportional to the amount
of productive moisture in soil.

Thus, we may conclude that, at soil moisture w, which is lsrger than
a certain critical velue w. , total evaporation £ depends mainly on mete-
orological factors and is equal to evaporability £,. When productive
moisture in soil diminished below wx, evaporation becomes less than evap=-
orability, whereupon the amount of eveporation is proportional to the
quentity of productive moisture, i.e., E==aw. Insofar as E=E,, w="x it
is obvious that g=>L .

On the basis of thé*above mentioned principles, we will apply the
formula for computation of evaporation, when @ 2> (i

E=E,. (%2)
and when <@ ?
E=E.,-§« (93)

To make use of the latter formmla it 1is necessary to have et hand date
on soil moisture, which can be obtained by calculating the equation of

water balance:
r=E+4f4w,—w, (94)

where W:— w, are the differences in moisture of the upper soil layer,
between the beginning and end of the analyzed single period.
If we assume that mean soil moisture for the esnelyzed period is:

w 1w,
W= 12 2,
then, if <L W

Fe £, 2+ o (95)

3

From (94) end (95) we obtain:

l—gi.:.)+r—f] (96)

Using the formulee (92), (9%), (95), and {96) we cen calculete the
annual march of evaporation for various climatic conditions.

We will give here a sample of the usual procedure of calculations. Let
us assume that in & chosen region the amount of soil moisture after the
spring snow melt is equal to the field capacity. Since, in this case w>w,,
we will calculate the evaporation for the first period (a morith or decade)
by using formule (92). If now, according to the water balance equation,
at the end of the period the soil moisture does not diminish below wx.
then we may continue the celculations by formula (92) until the quentity
of productive moisture diminishes below the criticel point., After that,
formula {95) should be used for calculating evaporation, and formla (96)
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for computing the moisture change, assuming thet, soll moisture at the eng
of the preceding period w. is equal to soil moisture at the beginning of
the following period @,. For the sesson with snow cover the evaporation
can be obviously determined by formula (92).

The outlined method for calculating the annuel march of evaporation re-
quires the knowledge of the following values: precipitation, runoff, evap-
oration, critical soil moisture, and also soil moisture at the beginning of
one of the calculated periods, which is needed es the initial value to start
from, since all the following amounts of moisture can be calculated by using
the vater balance method,

Data on precipitation and runoff ere usually obtained from the numerous
observatlons of the hydrometeorological network.

The problem of determining evaporability will be analyzed in detail in

910., Here we will examine briefly only the determining of the two last
paremeters of the outlined scheme of calculation,
of varioes sxperimeniat tmvestinesions.(for Lommamea " prETed fron resits
vork ot At Alpat'ev) o alag si oi‘ dnstance, the already mentioned

Data obtained by indirect thbf‘ll uior)Ig Ve Thoeneaeds
v, for the wpms it ec ?elmods . ha»_’e sho‘.m that the meal? value of
tveen 70 and 550 oo ThZe;: Sarmtizpt veried mainly in the limits be-
geoaranbioas zonali;y. ns are assoclated in a certain way with

In calculating the annual march

cipitation and runoff,

The last parameter of the calculation scheme - the initial soil moisture

/g;e}n beddetemined, in some cases, from factual data (S.A. Verigo, 1948
&7, ;n others). It was very often Possible to obtain this valu; b;
iftee::nth;easoningé for instance, in many regions of temperate latitud}els
are Cmpic;imp ztlog of Suow melt, or at the end of the reiny period in
hoiiali and subtropical reglons, soil moisture can be regarded as

g close to the value determined by the field capacity of soil (data on
LI9§], and others) . re given in papers of A.V. Protserov, 1948

In
P mny calculations of the annual variation of evaporation the initial

(119501: [B47) vhen et ¢ 8galnst experimental data in the author's work
arger regi 3 N
usi bhis :l::l;odT:zti V:;‘iilcatmn Proved thst ine accuracy obtained by
Zj% should be also mgm:ions:;t The work of T.G. Berlfand (1952
ed here. She used this method for calculating

10) These cal
cu,
1ations were partly pege bY L.I. Zubenok and N.I. Sinitsina.

9

the dynamics of soil moisture in cultivated fields for single years (moist,
droughty), and the results of calculatlons were checked against factual
observations of soil moisture content.

The results obtained from this kind of verification were so good that the
method described for determining evaporation can also be of Iimportance for
various hydrological, agrometeorological end other kinds of calculations
pertaining not only to average conditions, but to single years as well.

The problem of determining evaporstion from a water surface is simplified
as compared with that fram land, by the fact that for water reservolrs we
usually have the surface temperature and, consequently, also the saturation
point at the surface temperature., Data on water balance of limited reser-
volrs usually permit a more relisble determination of the annual march of
evaporation as compared to land conditions.

Let us first exemine the problem of applying evaporimeters to measure
evaporation from water reservoirs.

The methods of determining eveporation by meens of evaporimeters differ
somewhat, in regards to some smaller water reservoirs, from those used for
measuring evaporation from seas and oceans. Most investigations on the
application of evaporimeters pertain to the solution of the first of these
problems, which is of substantial practical importance.

In earlier investigations of measuring eveporation it was assumed that
the speed of evaporatién from a rather small open vessel, filled with water
and placed in the open, is equal to the speed of evaporation from water
reservoirs. Therefore, in order to obtain the evaporation from the reser-
voir the amount of evaporation obtained from the evaporimeter was simply
multiplied by the relationship of the water reservoir surface to the sur-
face of the vessel in the evaporimeter. However, it was noticed long ago
that, such calculations resulted in exsggerated estimates of the evap-
oration speed from water reservoirs.

This was explained by differences in physical conditions of evaporation
from an isolated evaporimeter and from a water reservolr, and research was
directed towards a development and construction of floating evaporimeters,
for which it was assumed, it was possible to create such conditions which
would be identical with those on the surface of a water reservoir. Numerous
observations were teken, and they showed that floating evaporimeters still
gave incorrect results, since even with a full preservation of natural con-
ditions of water vapor diffusion, the speed of evaporation differed because
of the modification of conditions for beat exchange in the upper water
layers (the heat conductivity in water contained in the vessel of an evap-
orimeter was different from that in the upper layers of water reservolrs,
where it is affected by turbulent excbsnge). Besldes, the utilization of
floating evaporimeters was often hampered by technical difficulties, par-
ticularly so with high winds.

In 1933 Rohwer's peper (1933) was published. It presented a partial
account of the Special Commission of the Socilety of Civil Engineers on the
problem of measuring evaporation from limited water reservoirs. Rohwer
compared readings of several types of coastal evaporimeters and one floating
evaporimeter with eveporation from an experimental basin and established
the fact thsat none of the evaporimeters could give the speed of evaporation
identical to that of the basin.



Another part of the account was actually en article by Follansby (1933),
containing the consolidation of & vast amount of observetions on evaporation
made by evaporimeters from water surfaces in the U.S.A. and other countries.

Further research of methods for measuring evaporetion from 8 water sur-
face by means of evaporimeters was made by V.K. Davydov (1938 18-_7_7 and
others) and 0.S. Poznyshev {1937 /1857 and others), and also by Hickmen
(1939), who studied evaporation from the Great Lakes, end Hickox (194h),
who tried to utilize the theory of similarity in analyzing conditions of
eveporation from evaporimeters.

In a general evaluation of the method of measuring evaporation from water
reservoirs, the most important question is about the possibility of regard-
ing the reduction coefficients J.li as consistent characteristics of the
same kind of evaporimeters or if they change depending on external condi-
tions, -

Experiments made by many researchers have shown that the assumption of
the persistency of reduction coefficients was in most cases unjustified,
and relative changes of the mean monthly velues of the reduction coeffi-
cient, for e given evaporimeter in different geographical conditions, on
various water reservoirs and in different seasons, could be very great.
From all this V.R. Davydov drew the conclusion that, "indeed, there is not
and could never be, any constant relationship between the actual amount of
evaporation and that observed by instruments..." (1938 /B7/).

Apperently, the absence of any consistent relationship between evap-
oration from water reservoirs and reeadings of eveporimeters, limits to a
great extent the possibility of their application.

In recent years, when difficulties in the epplication of evaporimeters
had been clarified, speciel basins with diemeters of scores of meters were
tried for measuring evaporation. It was sssumed that the speed of evap-
oration from such basins equals that from larger natural water bodies under
simllar meteorological conditions.

It mast be noted here that, although the assumption about the indepen-
dence of evaporation speed from the dimensions of the evaporating surface B
when this surface is larger than several meters, is confirmed by some ob-
servations, nevertheless, this hypothesis contradicts theoretical deductions
on this problem. It could be thoughtthat, even by using some comparatively
large basins for calculating eveporation from large netural water bodies
some errors would arise, and they would be of a similar nature to those
observed using small coastal evaporimeters for calculating evaporation from
water reservoirs.

An augmentetion of the eveporating surface of the basin would probsbly
diminish,to a certain extent, the systematic error in such calculations,
but it cannot be eliminated completely. :

The measurements of the speed of eveporation from seas and oceans, by
using evaporimeters vas begun in the 19th century by Leidly. After an

11) The reduction coefficient for evaporimeters is & value by which the
reading has to be multiplied in order to get true values of evaporation
from the natural underlying surface.
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unsuccessful attempt by Mohn to use evaporimeters on the sea (they vere
overrun by Haves), the observations were made mainly by the ship's evap-
orimeters, which were installed on the deck. Initially the speed of evap-
oration was determined here from mcasurements of the water volume decresse
in the eveporimeter. However, because of difficulties met in preventing
errors that arose from spilling water out of the evaporimeter, which oc-
curred with & rolling sea, this method was soon replaced by calculations
of the evaporation speed by messurements of changes in the concentration
of salt in water contained in the evaporimeter. This method was suggested
by Dieulafait (1883). P

An original ship evaporimeter was constructed by V.V. SHuleikin (1941),
vwho used an open calorimeter filled with ses water, where the heat exchange
vith the ambient air proceeds only through the eveporating surface. From
readings of a thermometer which was inserted in the evaporimeter, the speed
of changes in the heat content of water in the celorimeter was determined.
This value characterizes the speed of evaporation in those cases, when
the algebraic sum of radiation balance of the evaporating surface and the
values of turbulent heat exchange of this surface with the atmosphere is
small,in comparison with the total heat which 1s spent for evaporation
during a given time interval.

It is obvious that measurements,of any kind, by ship eveporimeters do
not show amounts of eveporation from the sea because of an essential dif-
ference in evaporation conditions from an isclated instrument as compared
with those for water surfaces. In investigetions of Wilst (1920), Cherubim
(1931) and other suthors, some attempts were made to evaluate quentitatively
the influence of individual factors which are effecting the difference be-
tween readings of evaporimeters and sctual evaporation from the sea, with
the purpose of obtaining a reduction coefficient for evaporimeters.

Comparing readings of evaporimeters installed under various conditions
end also using some empiricel relationships, the authors mentioned cal-
culated reduction coefficients for the ship evaporimeters by taking into
account the effect of the ship's speed, the toss caused by the vibration of
engines, the warming of evaporimeters through their walls, and many other
factors.

Because of an essential effect exerted by the body of the ship on evep-
oration from ship evaporimeters, their reduction coefficients have seeming-
ly, still less stable characteristics than reduction coefficients of
floating and coastal evaporimeters,

Besides taking into account the fact that mean values of reduction co-
efficients are determined on the basis of rether conditional assumptions,
it should be concluded that calculations of the distribution of evaporation
speed on oceans, which were made by Lutgenson, Wist and Cherubim from date
of ship eveporimeters, are of a low accuracy.

Some more relisble results, in comparison with the method of evapori-
meters, are usually obtained by calculating evaporation from water bodies
from their water balance.

From equation.(17) end (18) we find that, evaporation from water bodies
can be determined from deta on precipitation, on horizontal redistribution
of weter and on water level variations. In some ceses it was necessary to
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also take into account the infiltration of water through the bottom oﬁ t:eher
reservoir, though, usually it is very insignificant in comparison with o
of the wvater balance.

teru'n: method for determining eveporation from the water balance is meinly
adapted for limited reservoirs and for more or iess extendsd periods o; che
aversging. To compute evsporstion from the water balance for & pert o ¢
reservoir {for instance, for an individual region of the ocean) vas um;‘e 1y
quite impossible, since in this case it is very difficult to evaluate t
orizontal redistribution of water,

" To utilize the method of water balance for comperatively shorter periods
18 also difficult since the accuracy of determining the terus of water bal-
ance for shorter intervals 1s often insufficlent.

For the more or less detailed calculations of evaporation from water
reservoirs, methods of diffusion and heat balance are most frequently used.
The diffusion method for determining evaporation from water reservoirs

is based on an application of formula (73), vhich was used for a long time
in hydrometeorology as an empirical relationship, often called Dalton's Law,
Empirical formulas of this type were usually applied in the form of:

E=(e,—e)f(w), 7

where ¢,~— pressure of saturated water vapor celculated from tempenture_s_
of the evaporation surface, ¢— vepor pressure at certain altitudes, f(u)—
"wind factor" - empirically determined function of the dependence of evap~
oration speed on wind velocity «.

For the function f(x), various authors have obtained a series of expres-
sions, which mostly have the following form:

fw)y=A+Bu

( A and B— numerical coerticients), but sometimes they preseni an expo-
nential relationship of this type:

fluy~u"

with the values of exponent " being between 0.5 and 1.0. Reviews of vari-
ous experimental investigations of this problem are given in articles by
M.I0. Lurte and N.M., Mikhailov (1935 /I617), M.K. Baransev (1938 /i9/),
Rohwer (1931), Harding (1942) and others. It should be indicated here that
numerous experimental investigations, eccomplished under various conditions »
confirmed very well the direct proportionality of the evaporation speed and
saturation deficit computed from water surface temperatures. The differ-
ences in the relationship of evaporation to wind speed, which vere found
in some investigations, are mainly explained by the insufficient compara -
bility of conditions of various evaporation ‘basins, eveporimeters, and -
laboratory installations, which were used in studies of these relationships.
From the comperison of formulas (97) and (73) 1t can be geen that the
problem of the form of the wind factor function coincides with the problem
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of the relationship between the coefficient of external diffusion D and
wind speed.

As a rule, the temperature lapse rate in the lover air layer over water
bodies is noticesbly smeller than over lend, and therefore, the relation-
ship between the coefficlent of exchange and wind speed can be sdequately
describved by the formuls of Roasb‘,’ﬂoﬂtgcaei‘y.

This provides a basis for the assumption that the coefficlent of external
diffusion over water bodies 1s Pproportional to wind speed, i.e.,

E=au(q,—q). (98)

This relationship, vhich 1s similar to formila (72), was first obtained
by V.V. SRulelkin and at the present time is ueed largely in calculstions
of heat expenditure for evaporation.

As has been said in § 4, results of some theoreticel and experimental
investigations have proven that, in determining evaporation value of co-
efficient 60 can be assumed to be almost constent and spproximately equal to
2.4 + 1070 gr/cm3 (when wind speed and temperature were measured at heights
customarily used in ship observations). .

In those cases when the water surface temperature of a large water body
differs significantly from the air temperature, a need mey arise for esti-
mating the effect of thermal stratification on the turbulent exchange and
evaporation.

From general considerations it is apparent that thermel stratification
most strongly affects evaporation at lower wind speeds » vhen the Richard-
son's numbers approach the highest values because of small vertical gradi-~
ents in wind speed. This conclusion was fully confirmed by results of cal-
culations (Budyko, 1948e /397), which established that, for medium and
high velocities (which are usually observed over large water bodies s the
main portion of ocean surfaces included) the effect of the difference in
temperature between water and air on evaporation is insignificent.

We will not go into the details of determining eveporation from vast
expanses, 12) and we will only note some features of the calculations of
evaporetion from the surface of relatively imller, limited water reser-
voirs.

For determining evaporation from limited water reservoirs, lakes, ponds,
etc., 1t 18 often necessary to utilize observational data of the principel
meteorological elements obtained at comstal stations. In investigations of
quite & few authors it was established that even over water reservoirs of
several hundred meters in size, vind speed, humidity and air temperature
often change because of the transformation of air messes over the water
body. These changes usually affect evaporation substantially,

Consequently, a need arises for & quantitative account of transformetion
processes in determining the amounts of eveporation.

12) Investigations of V.S. samollenko (1952 /205]) deserve special atten-
tion in reviewing the methods for determining evaporation from oceans.



L), D.L.
n resesrches by Jeffreys (1918), Giblett (1921), S:Etg:hii? J)-§52 267y,
Laikhtman (194Te /15;7)),‘ M.I. fUdin (Budyko, prozdov & v1ku11na’(195h o
§.1. TAxovleve (1952 /245]), A.P. Braslavekil and Z.A. vixulize (1974 /33
ar.ld.other authors, various methods were worked out forthee :ransformtion ot
oration from water reservoirs by teking into account
lov. . . i
theRZéﬁts of these investigations and deduc}ions frﬁm cz%é%c:idir;:;:;’
gations by R.R. Davydov (194h /B38]), B.D. Zalkov (1949 102]) e o rone
permit, at the present time, the calculation of evaporation
water reservoirs of limited extent.
Together with the diffusion method
reservoirs, the heat balance method has als:

igations,. .
mv::tegj‘lyoas‘ 1915, W. Schmidt calculated the radiation balance for the

latitudinal zones of the ogean, and midetgn at;e:x;e)z too:etgzmégzizhifa?:urx;t

heat that is spent on evaporation in these zo .
ggugh assumptions Schmidt derived that the ratio of‘heat expendituietfog Y
evaporation to the radiation balance in various latitudes was equa o O.

- 0,8, Later, some authors indicated that these estimatestwere not accu-

., ith this statement.
rate, and Schmidt also partially agreed with

Ix’x investigations by Angstrdm (1920), who calculeted the heat 'bal:nc; of
one of the Swedisn lakes, 1t wes deduced that the ratio of the amoun od
heat that is spent on evaporation to the emount spent on evaporation an y
turbulent exchange equals 0.9. This estimate was utilized by Mosby (1936)
who determined the latitudinal distribution of evaporation from oceans,
using the assumption that for evaporation in e,]..l zone:, an amount of heat
orresponding to 91% of the radiation balance is spent.
¢ Posﬂi‘bﬂi%tes for a relimble computation of evaporation from wat?r
reservoirs by using the heat balance method have been expanded considerably
by the introduction of the "Bowen relationship" into calculations of evap-
oration, i.e., formilas (74} and (75). )

By u;ing tl’lis relationship end the equation of heat belance, evaporation
(or heat spent on evapomtion) can be calculated from data on radiation
balance, water surface temperature and humidity and temperature of the air,

The formule commonly used is:

for determining evaporation from water
o been largely used in modern

R—A
LE:T 6 (99)
YTe=9

where 6,— water surface temperature, ¢, — specific humidity of saturation
vepor in respect to surface temperature.

This method for determining evaporastion has given accurate results, as
bas been found by numerous verifications, and especially so for longer
periods, Calculations made for shorter periods were, as & rule, less accu-
rate,since in this case it 1s necessary to determine the value of the %nner
heat exchange A , whose determination is associated with considerable qif -
ficulties.

Summarizing this discussion on methods for determining loss of heat due
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to evaporation it mst be noted that, for land surfaces it is more rational
to use (for climetological calculations of the annual value of eva.pcration)
the water balance method or the "relation equation." For determining evap-
oration for individusl months or ten-day periods it is expedient to apply
the method of solving the water balance equation by taking into account the
dynamics of soil moisture.

For climatological calculations of heat losses due to evaporation from
water reservolrs it is usually more convenient to apply the simple equation
(98),1.e., the SHuleikin formila.

Besides, for this purpose it is often possible to use those methods which
are based on equations of the heat and water balences of the reservoir,

In conclusion we will briefly outline the methods for determining the
other components of the heat balance.

As & rule values of these terms are considerably smeller than the prin-
cipal components of heat balance - radiation balance, expenditure of heat
on eveporation, and turbulent heat exchange. Therefore, in calculating
these terms it is often possible to use some simplified methods, which
permit an approximete estimate of their values.

We will analyze first the question of determining the heat flux between
the active surface and the deeper layers of soil or water.

The heat flux (heat exchange) between the underlying surface and the
deeper layers can be calculated for land conditions, from changes in heat
content of the upper soil layers, whose temperature changes in the consid-
ered period of time,

Such calculations can be easily accomplished, provided that, date on
soil temperature at various depths of the heat exchange layer, and the heat
capacity characteristics of soil are available,

In this case, if during the enalyzed period some freezing or melting of
a considerable amount of soil molsture occurs, term A will be equal to the
sum of the change in heat content and the gain (or loss) of heat from the
freezing or melting of the soil's water. An approximation of the latter
value can be determined as the product of the latent heat of freezing, soil
moisture, and the difference in depths of the 0° isotherm at the beginning
and end of the analyzed period.

To determine the heat exchange in soil, when data on temperature are
only available for a limited depth, it 1s necessary to summarize the change
in heat content of the upper soil layer and the velue of the vertical heat
flux between this and the deeper layers. The value of the indicated flux
can be calculated as the product of the coefficient of temperature conduct-
ivity of soil and the vertical gradjent of temperature of the corresponding
level (CHudnovskif, 1948 /2327; Lalkhtmen and CHudnovskil, 1949 [A577;
fSeitin 1951 /2287 and others). -

The calculations of heat exchange in soil are considerably more compli-
cated by the presence of & suow cover, since the heat capacity and heat
conductivity of snow range in very wide limits, depending on its density,
Usually 1ittle data are available on vertical dlstribution of temperature
in a snow cover. Nevertheless, at present, we have obtained rather large
results on heat exchange in soil for the warmer season end partly for the
period with snow cover as well, Some deductions from these data can be
used for approximate evaluations of the variations in heat exchange of soil
in their annual course.



From the general physical consideration it is clear that annual vari-
atlons of heat exchange are closely connected vwith the annual range of air
temperature, If the anmual range of temperature is inconsiderable, then
apparently, the mean monthly values of heat exchange in soil must also be
close to zero.

Indeed, results of heat exchange calculations heve shown that when the
annual range of temperature is less than 10-15° (C) the monthly sums of hed
exchange are comparatively small and could be often ignored in the approx-
imate calculations of heat balance.

This means that heat exchange in so0ll is not of substantial importance
in the monthly sums of heat belance for the majority of tropical regions,
and also for many areas with a maritime climate in moderate latitudes.

In regions of the Northern Hemisphere with a considerable annual ampli-
tude of temperature, the annual merch of term A has, on the average, char-
acteristics presented in table 11,

Table 11
Annual march of heat b in goil,
Jen. Feb, March Apr, May June
~0.23 <0.15 0.08 0,15 0.23 0,23
Jul, Aug, Sep. Oct. Nov, Dec,
0.19 0.12 -0.08 =0.12 =0.19 =0.23

The values of heat exchange in table 11 are given partially by the sum
of the warm {or cold) period, during which the direction of heat exchange
is not changed,

The sum of heat exchange for the warm {or cold) season actually repre-
sents half of the annual range. The annual range of heat exchange, as cal-
c:lntions bave shown, depends closely on the annual range of air temper-
ature,

According to available data, this dependence could be expressed, on the
average, by the following quantitative indices.

Table 12

The relationship between the annual renges of air temperature and heat
exchenge in soil,

The annual range
of temperature (degrees) 10 15 20 25 30 %) 50

Annual range of

heat exchange in 1.8 2.8 3.7 bu.6 . o .
soil, c(a.l/cm2 5T 9.2

Using tables 11 and 12 one can obtain, from data on the annual range of
temperature alone, some approximate estimates of the annual march of heat
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exchange in soil. Deata obtain in this manner will show average conditions
in & large region (for each specific point the exchange in soil shows great
microelh;utic variations associated with differences in the thermal quality
of goils),

The calculation of heat exchange in water reservoirs is generally much

more complicated than thet of heat hy in soil b of the subst
tial influence exerted by the horizontal distribution of heat in various
parts of the reservoir and, b of the of sys tic observa-

tions of water temperature et various depths for the majority of reservoirs,
including seas and oceans.

Because of this, for certein portions of the sea, ocean or other water
bodies, it 1s usually possible to determine the value of heat exchenge only
as the remainder term of the heat balance equation. The mean annual value
of this term will also show the redistribution of heat as affected by cur-
rents and horizontal heat conductivity.

For those reservoirs which have sufficiently numerous reports of tem-
perature at various depths, it is possible to determine the change in heat
content., Such calculations, in comparison to land conditions, will be
simpler because of the practically constant thermal indexes of water, but
on the other hand, for shallow reservoirs the calculation could be substan-
tially complicated by the necessity to account for heat exchange between
the water body and the underlying ground, which usually is a very difficult
task,

The problem of determining heat exchange in designed water reservoirs
will not be examined at this time, Some references to this subject are
found 1in erticles by M.M. Bernadekil and B.V. Proskuriskov (1931 /30]), B.
V. Proskuriakov and D.N. Bibikov (1935 /192/) and others.

When determining the components of heat balance, we should briefly
mention calculating the lose (or gain) of heat from the melting or freezing
of snow and ice and estimating the redistribution of heat assoclated with
atmospheric precipitation,

The transition of water from the solid into the liquid phase on land
surfaces, as well as the converse process, usually effects a considerably
smaller loss or gain of heat, as compared with ennual sums of the principal
components of heat balance (some exceptions could be found in regions with
more or less constent snow or ice cover).

Hovever, for monthly sums of the balance components for the correspondirg
periods, in mny regions of moderate and higher latitudes, the estimate of
this component will have an essential importence,

Methods of such calculations are based on determining the quantity of
melted or frozen water at the surface, The latter value is then rultiplied
by the latent heat of freezing, which is approximately equal to 80 cal/gr,

In cases when no data of direct observations on the quantity of melted
or frozen water are available, some schemes could be used to calculate it,
Some of these schemes are based on solving the heat balance equation. A
deteiled description of such schemes is found, particularly in articles
by Sverdrup (1936), P.P. Kuz'min (1947, 1948, 1950 /147, 148, 149/) end
others, A redistribution of more or less significant quantities of heat
by precipitation can be mainly noticed in tropical regions, where during
the rainy period the precipltaticn of comparatively cold water can effect



a perceivable cooling of the underlying surface, The method for calculating
this component of beat belance is very simple; its value equals the product
of the amount of precipitation and the difference in temperature between the
precipitated water and the underlying surfsce. This method, however is dif-
ficult to use beceuse of the sbsence of an adequate amount of date on tem-
perature of precipitation.

Sample calculations of this component for tropical regions are available
in pepers by F. Albrecht (1940 end others).

We will not examine methods for calculating other heat balance componenta
of lesser significance, and it will only be mentioned here that in § 12 the
problem of determining losses of heat used in photosynthesis by plants will
be considered. Though this component is, as 8 rule, much smaller than the
principal components of the balsnce equation, still, for some biological and
physicogeographical problems its evaluation is of exceptional importence.

§6. The accuracy of determining the components of heat balance

The methods described asbove, for climatological calculations of the heat
balance components have s certein degree of accuracy.

Although, the problem of the accurecy in calculating the heet balence
components is very important for the climetology of heast balance, up to
recent times it wes only scarcely discussed in scientific literasture. Con-
cerning this, we have encountered some contradictory viewpoints regarding
the probeble error of the examined detas. In some cases there wss a tendency
to extenuete the value of thie error, whereas in others, its value was ex-
tremely exaggerated without eny sufficient resson.

All this calls for a more or less detailed enalysis of the accuracy of
climatological calculatione of hest balance components. It is of great
interest, in this case, to compare the mccuracy of hest balance deta with
that of climatological dats of principal meteorological elements.

According to investigatione by the author and N.A. Efimova (1955 /577),
it may be pointed out that, for evelueting the errors of existing methods
for calculsting the components of radiation and heat balsnce, three dif-
ferent ways can be used:

1) comparison of results of various independent methods

for calculating the components of heat balance.

2) comparison of calculations of the balance component to

direct measurements taken with specisl instruments.

3) evsluation of the calculation error of oll balence

components by closing the equation of balence with
independent determination of all its components.

The third way deserves special attention. It is based on the law of
preservation of energy. This method of verifying the calculations of the
balance components was used by the author in (1946Y367) and in & series of
ensuing investigations. .=

When using the second of the above cited methods for verification it
mst be remembered that modern methods of instrumental measurements éf-the
balance components sre also connected with a noticeable possible error

The possible error of measurement of the total radietion with the ’
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~
Sevinov-IAnishevskil Pyrenometer, for more or less longer periods,may reach

.

The question about the error in measuring radiation balance with balance
meters of various comstruction was investigated by T.V., Kirillova and Ku=-
cherov (1953 [f29_]). Taking into account their results, it can be deduced
that the possible error in measuring radiation balance for more or less
longer periods will be on the order of 5-10%. Messurements of other com-
ponents of heat balance (in particular the expenditure of heat on evapor-
ation and turbulent exchange) by means of special instruments, are of a
smaller significance for the verification of climatological calculations of
heat balance, since these measurements are either insufficlently accurate
or they pertain to very short periods of time,

Let us now turn to the evaluation of the accuracy of calculations of the
principal components of heat and radiation balance,

The main component of radiation balance - the total radiation - is re-
corded by many actinometric stations, and this considerably facilitates the
verification of indirect calculations of this value.

The world maps of totel radiation were constructed in the Central Geo-
physical Observatory by using the methods outlined above, A comparison of
the calculation results with the consolidated data of mean measured values,
which was compiled by T.G. Berlfand (1954 /287) showed that, discrepancies
between measured and calculated deta constituted, on the average, for month
ly values 105 and for enmual velues 5% (for all avallable stations - Budyko,
Berliand, Zubenok, 1954a El_] )o It is quite evident that a certain portion
of these discrepancies is due to short periods of observation, Taking this
circumstance into account, it is conceivable that, even a very schematic
method of calculating totel radiation will permit a determination of mean
monthly and annuel values of this index with an error of the same order as
the error of instrumental measurements. It is,however,advisable to re-
member that, for more or less accurate calculations of total radiation, for
comparatively short periods, and particularly for calender periods, the
method of these calculations must take into account, in a direct way, the
effect of clouds of various levels on radiation amounts.

As a sample of total radiation verification we present in fig. 11, re-
sults of a comparison of calculations of mean monthly radiation values(Q-g),
obtained by using the method outlined above, with meen monthly results of
observetions of these values (Q-¢)at 12 sites of the Soviet Union (svera-
lovsk, Riga, Minsk, Ku{byshev, Saratov, Odessa, Yekutsk, Irkutsk, Alma-Ata,
Vladivostok, Tbilisy, Tashkent). The mean discrepancy between measured and

13) 1In investigations of the Central Geophysical Observatory the influence
of various forms of clouds on radiation was taken into account, but only
indirectly, which was necessitated by the fact that only general data on
cloudiness could be used in constructing world meps, As it has been shown
by investigations of many authors, a direct account of the cloud distrie
bution at various height levels permits a considerably higer accuracy in
calculating total radiation, especially for short periods.
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od for three regions: Cape Schmidt (Arctic), Sverdlovsk (forest zone) and
bts case was Oh. Asbkhabad (desert zone).
calculated values in thls In the first region, celculations of radiation balance were mede for the
tundra zone, with a bright graveled soil, and for the sea surface with-ice
floes covering a large portion of the surface,even in summertime.
In the Sverdlovsk reglon calculations were made for the meteorological
station eite, for the clover field, and for fallow soil,

h In the Ashkhabed region radiation balance was calculated for the desert
YA . and for an irrigated field.
) 2 onth The results of calculations are given in table 13.
[ 't
/%) kg-cel/cn"mon /
. B . L . Table 13
. . i
&
" 1] Redlation balance in kg-cal/cm® month.
s
5 s
" u Reglon Underlying surface May June July August
4 {g; Cape Schmidt Tundra - 5.0 6.4 3.7
" B
“ LE:? Gravel soil - L7 k.5 2.5
9
b Sea - 2.3 1.9 0.9
7 .
; Sverdlovsk Meteorologicel station 5.5 7.0 6.7 L,2
5 * Clover field 5.0 5.9 5.6 3.5
. 7
3 Fallow soil 7.2 8.5 8.2 5.5
2 . .
) . Ashkhabad Desert 5.4 6.7 6.4 6.1
K
=3 e s 678900 R /“'Y"’kg-cal/cmam“th Irrigeted field 8.2 10.4 10.5 10.0
1 As can be seen from the given deta, in the same region velues of redi-
Figure 1

ation balance for various underlying surfaces cen diffar by scores of per
cent, This fact must be taken into account in constructing meps of radi-

ation balance, 14) and elso in comparing the results obiained from meas-
urements with those obtained by calculations.

diation.
mean monthly values of total ra
Comparison of o q)' e O ren

(@ +q) - calculated

i of redietion balance calculations

The problen of ;Z:t:gttgsntZti;::::;ythe accuracy of the totel radiation
is mch fone co;‘flelradiation palance, as available observations and calcu-
calc.:ulanons. differs substantially for various types of underlying surfaces
Letions show, 3 © A high "microclimatic” variability of radiation balance
_%n the sémedrzgu;:; considerable influence exerted by temperature in the
I8 r.‘i/'ace and the albedo. To illustrate this, we will sh(?v results
“;di:cliziigo:ubalance calculations obtained by using the ghove outlined meth-
o

14) Values of radiation balance, that are used in constructing maps, pmust
be determined for & typical underlying surface in the given region. If, in
the analyzed region, the factors that exert a substantial effect on radi-
ation balance are very variable in space (as, for instence, the albedo
during the snow melt period), then the characteristic value of radiation
balance must be properly averaged.
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Until recently we had no data on long period observations of radiation
balance. Only in very recent years, at some sites of the USSR, were jB.)'S-
tematic messurements of radiation balance carried out,for the first t m:, N
for periods of 2 to 4 yeers. Although values of radistion balance obtetx;lei
in this wey cannot be considered as showing precise long-period means,i eir
comperison with earlier obtained results of radiation bslance calculations
for these sites presents a certein interest. i

Results of such comparisons are given in figs. 12-15 for the region of:
Leningrad {Koltushi, cbservations in 1947, 1949-1951 worked up{by T.A. 05-
neva); Tashkent (cbservations of 1950-1953 worked up by B.A. A zenshtat);
Sverdlovsk {observations of 1950-1952, worked up by M.V. Lileev); and of
Minsk {observations of 1948-1951, worked up by L.I. Pisarchik).
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Figures 12 - 15

Annuel variations of radiation balance in various regions.
1 - observed values
2 - calculated velues
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The monthly values of radiation balance obtained from observetions are
shown on these graphs by the solid linme 1; by line 2 - results of calcula~
tions used for constructing the climatic maps ty the Central Observatory.
Considering the fact that differences between the results of calculations
and those of the measurements are due, not only to calculation errors, but
also, to a certain degree to errors of measurements, to microclimatic vari-
ations of radiation balance, and to short periods of observation, we think
that the agreement of these two independent methods for determining radi-
ation belance values mst be acknowledged as being very satisfactory. 15)

Since there were no long period observations available for the ocean sur
face, verification of the calculated values of radiation balance for the
oceans, by using the method of comparison with measured values, wvas very
difficult. We may indicate that one of the recent works by Albrecht {1952)
tackled this problem. In this work he compared calculations of the mean
values of radiation balance components for some regions of the Indian Ocean
with data of short period observations., Albrecht established a good agree-
ment between the independently determined values of rasdiation balance, how-
ever, this deduction cen only have a comparatively limited significence.

An indirect verification of radistion balance calculations for the oceans
bas been done by comparing the maps constructed by individual authors who
used different calculation methods, A similar comparison could be perticu-
larly done for the world maps that were constructed dy the Central Observa-
tory, with recently publiched meps for the northern hemisphere oceans; com-
piled by Sauberer and Dirmhirm, 1954, These authors constructed maps for
March, June, September and December., The mean relative discrepancy between
date of our maps and that of maps designed by Sauberer and Dirmhirn was
144, The mgreement of these independent calculations confirms, to a cer-
taln degree, thelr rellability, c——rn

The method of an independent determining of all heat balance components
1s more sulted for the verification of the accuracy of radiation balance on
land and water surfaces. It permits en evaluation of the mean error in
determining all components of heat balance.

The relative value of the indicated error cen be calculated as the ratio
of the alegbralc sum of all heat balance components to the sum of their
absolute values,

Using results of the author's works {1946b, 1947 /36 & 3§7) in which he
determined, by 1 methods; all the components of heat balance for
one point in the United States (Arlington) and for the pouthern pert of
European Russia; the mean error of determining the sum of the balance com-
ponents was calculated, and it was found that, in both cases it did not
exceed .

The verification of the accuracy of heat balance calculations for some

15) Apperently, the differences between messured and calculated values are
of & systematic nature, only for the early spring period. It is possible
that these differences are assoclated with different conditions of snow
melt on the plots where the observations were taken, and with average
conditions of the surrounding surface,



regione of the ocean, by using this method, is more complicated than that
for land surface, because one of the components of balance for oceans (the 3
gain or loss of heat effected by sea currents), is very difficult to deter- 3
mine by direct methods. 3
Nevertheless, for annual maps of heat balance, constructed by the Central
Observatory, 1t is possible to estimate the upper limit of the mean calcu-
latica error from the closing of the balance equation. .
This value can be found in the following way,. f
If the mean sumariged error of determinigg radeiution balance, loss of 5
heat for evaporstion and for turbulent exchange on oceans, would be greater
than the mean value of the gain or loss of heat that wvas effected by sea .
currents A4 , then it would be impossible to determine the latter value as i
the remainder term of heat balance. In other words, the map of this value,
that was computed by the balance equation, would not correspond to the
actual distribution of warm and cold currents.
However, since the map constructed by the Central Observatory shows that
gains or losses of heat, as effected by gsea currents, are in a good quali-
tative agreement with the distribution of most of these currents, it is
clear that the summerized calculation error of the three primcipal compo-
nents of the balance ig smaller than the mean value of 4.
Thus, the mean relative error in the calculation of heat balence compo-
nents for oceans 18 smaller than the relationship of the mean value of A to
the sum of the radiation balance mean values, expenditures of heat for evap- -
oration and turbulent heat hy Data pn ted by Pudyko, Berlfdnd, H

Zubenok (1951a) show that this re?.utionship 1s equal to 23%, end consequen-
tly, the mean error of caleculations of the balance components is less than

The calculations of heat expenditures for evaporation from land, as well
as from water surfaces, can be verified by the water belance equation.

The method for determining the evaporation and expenditure of heat for
evaporation based on the "relation equation” was verified in meny investi-
gations.

So, for instance, in the author‘s research (1951b [Eg) it was estab-
lished that the discrepancy in evaporation calculations mede by using the
"relation equation,” with that based on water balance for river basins
vhich bave some data included in the summary by Wundt (1937), proved to be ]
less than 10%. “F

The mean discrepancy of the "relation equation” calculstions with meas-
urement data turned out to be 13%, and for river basins with the runoff
coefficient greater than 0.30 it was only T%. Results of these compute- N
tions are described in more detall in § 10,

The most complete verification of the evaporation caleulations based on
the "relatlion equatlon” has recently been accomplished by L.I, Zubenok,
who made ugse of all avalleble data on water balance of variocus continents.

The calculations made by L.J. Zubenok have shown that the mean discrepancy
in calculations of the snnual vslue of evaporation based on the "relation
equation” with those based on water balance 1s about 10%.
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This value is close to the order of the magnitude of error in determin-
ing evaporation by the water balance method, and therefore shows a quite
satisfactory accuracy of the evaporation calculations by the "relation
equation,"

Climatological methods for calculating evaporation from limited water
reservoirs (particularly for the Caspien and Arsl Seas), have been veri
fled egainst the vater balance many times, and therefore we will not touch
this subject here,

Much more complicated is the problem of verifying the climatological
calculations of evaporation from the ocean surface.

As 1t 1s well known, avallable data on precipitation over the oceans
are very inaccurate, which makes it very difficult to use them in veri-
fying the calculations_of evaporation. Only the latest map compiled by
0.A. Drozdov (1953 L9_5]) could be considered as being a more or less re-
liable source in regards to data of precipitation over the ocean., As it
bas been noted in investigations by Budyko, Berlfind, Zubenok (1954 /517),
when the resuits of 0.A. Drozdov are used, there is good agreement between
values of evaporation calculated by the water balance equation and those
determined in the above described method by using formla (98).

On the basis of these data (outlined earlier in the paper by the author
end K.A. Efimova, 1955 /57/), and aleo considering other availsble data,
we can draw the followlng conclusions concerning the accuracy in modern
methods for calculating the components of radiation and heat balances:

The error of the mesn monthly and mean annual values of totsl radiationm,
which were obtained by the climmtological method calculation, is approxi-
mately equal to 5-10%.

The erzur in calculating radistion balance is apparently somewhat great-
er, Evalusting 1ts relative value, it must be remembered that annual and
monthly values of radiation bslance, under certain conditions, approach
zero, Therefore, it is expedient to compare the error of the radiation
balance calculation for annual values with the amplitude of changes of
these values, and the error of monthly values with the maximim velue of
radiation balance in its annusl march.

Calculated thus, the relative error of the radiation balance calculatiouns
will apparently be, on the average, not more then 10%. The annual values
of heat expenditures for evaporation on land are determined with a meean
error on the order of 5-10%. Considering these values of error, we may
evaluate the meen caleulation error of turbulent heat exchenge on land,
which turns out to be somewhat greater than the error of the radiation
balance calculation,

The calculation errors of the heat balance components over the ocean
could be somewhat greater than the seme errors on land, however, the order
of magnitude of these errors apparently remains the same,

It should be indicated here that, for varlous regions of the globe,
the values of the possible calculation errors of the heat balance compo-
nents will differ considerably, primerily due to the different reliability
of the original datm used. The greatest errors will be found in higher
latitudes, and also in lesser known ocean areas (especizlly in the Southern



Hemisphere). It can be concluded tbat the possible relative error of
some heat balance components, which were obtained by using modern cal-
culation methods, will often be not greater than the possible relative
error of climatological data on some principsl meteorological elements
(for instance, on cloudiness and precipitation). However, available
detailed data on hest balance are still considerably inferior to thoee
on such meteorological elements as air temperature, precipitation and
others.

97

Chapter ITT

Geographical distribution of the components of heat balance

Until recently an investigation on the geogrephical distribution of the
heat belance components of the earth's surface was practically impossible,
This was due to the fact that data on their mean values were available for
some rew points only and their accuracy hed mot been sufficiently verified.

During the last decade, as a result of a wide application of climatologi-
cal methods for determining the balance components, not only were the com-
ponents for e great meny points caleulated, but also a seriss of maps was
constructed,

As we have already pointed out in chapter I, among these maps are world
maps of the components of heat balance constructed in_the Central Observa-
tory (Budyko, Berliand, zubenok, 1953, 1954a /50 & 517; Atlas of the Heat
Balance, 1955 ﬁi and maps for the Soviet Union (mdykmm;_—
Berliand, 1948 /25/; Berliand end Efimova, 1955 /29 and others).

Utilization of the indicated maps permitted a start on the investigation
of the heat balance climatography. It must be remembered that the wide use
of maps of meteorological elements obtained by indirect methods is nothing
new in climatological studies.

It is already known that in the first climatological investigations on
the geographical distribution of a meteorological element, together with a
direct genermlization of observational data, methods for celculating the
values of the elements have been much in use. Particularly so when the
first world maps of air temperature distribution were constructed by Humbold
in 1817 (for the year) and by Dove in 1858 (for the months), with a direct
use of observations. It was almost et the same time that Kdmtz (in 1831)
constructed maps of temperaturc for the months by using Meyer's formula in
his calculations.

Later on, in comnection with accusulated results of observations at mete-
orologicel stations, maps of principal meteorological elements were con-
structed, mainly on the basis of a direct generelization of observational
data. However, the method of processing results of observations, that were
used for the construction of maps, were graduelly improved and included
more and more complicated celculations (papers by G.I. Wild, E,S. Rubin-
shtein and other authors on climatological methods of processing temperature
observations; papers by O.A. Drozdov on methods of processing data on pre-
cipitation, ete.). The application of these methods actually resulted in
the fact thet modern maps of distribution of principal meéteorological ele~
ments - air temperature, precipitetion, etec. - have acquired, to & certain
extent, a calculative nature.

1) This statement is especially true in regards to maps for mountain
regions.
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Thus, at the present time, climatological maps of the distribution of
the principsl elements and maps of the heat balance components do not differ
much in methods used for their construction. Both types of maps are, in
substence, attained by a generalization of observations obteined from the
network of hydrometeorological stations, and in designing all types of maps
the calculation methods are usually applied, The difference between maps
of besic meteorological elements end that of heat balance is only seen in
the fact that the relative significence of calculation methods for the con-
struction of heat balance maps is greater than for designing the majority
of common climatological maps.

Let us examine the principsl features in the geographical distribution
of heat balance components.

57. Rediation balance

Let us examine first the pattern of geographical distribution of the
total sun radiation - principal component of the radistion balance. The
amount of total radiation determines the amount of solar energy received
by a unit of the earth's surface and utilized later by vaerious natural
processes originating near this surface.

Geographicel distribution of mean annual and mean monthly emounts of
total radiation for the mein portion of the earth's surface is presented
in series of maps included in the Atles of the Hest Balance (1955 /157).
These maps are based-on calculations of totel radiation monthly values,
made by using the methods described in chapter IT for 1400 sites (1050 on
lend and 350 on the ocean),

Data obtained from these calculationa permitted the construction of
total rediation maps for the entire surface of the globe with the exception
of the Arctic, Antarctic and high mountains, which hed no adequate data,
and therfore the application of the climatological calculation methods
could result in considerable errors.

The map of the totel rediation annual amounts is presented in fig. 16,
The mountain reglons, with no date, are shaded on this map, as well as on
all the others (regions higher than 1,5 km above sea level between LO°N
and 40°S and higher then 1 km in the remaining latitudes).

As can be seen from fig. 16, annual amounts of totsl radiation range
from 80 kg-cal/cn?/year to more than 220 cal/cm?/year. In higher end
moderate latitudes the distribution of total radiation shows a zonal
pattern, which is substentially distorted in tropical latitudes only, 1In
lovwer latitudes a remarkable decrease in totel radiation occurs at the
equator, which could be due to greeter cloudiness.

The largest values of total radiation were observed in high pressure
belts of the Northern and Southern Hemispheres and especially in deserts.
The maximum value of total rediation was observed in northeastern Africa.
It was associated with a very small amount of cloudiness in this rlace.

Smaller amounts of total rediation were observed in regions with a
monsoon climate (for instance, on the eastern coast of Asia), and in some
other regions of greaster cloudiness.

Fig. 17 and 1B show the distribution of the total radistion amounts for
December and June, i.e., for months with the greatest and least mean alti-

Figure 16. Total rediation, annual values in kg-eal/clla/year.
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tudes of the- sun for the relevant hemispheres, Isolines ave drawn by inter-
vals of 2 kg-cnl/cn?/mnth.

The map of total radiation in December show the zero line going somewhat
above the northern Polar Circle. In higher latitudes, during this month,
the sun does not rise above the horizon and total radiation, obviously,
equal zero,

Southwvard from the zero isoline total radistion grows rapidly, changing
in extratropical lstitudes of the Northern Hemisphere, mainly by Zones. In
lower latitudes the zonel pattern breaks up, and areas of higher and lower
radiation are distributed according to regions with higher and lover amounts
of cloudiness, In December the lower latitudes in the Northern Hemisphere
and the whole Southern Hemisphere have only very slight zonal changes of
total radiation. In the Southern Bemisphere, during this month, total
radiation does not decrease much with higher latitudes because of the com-
pensating effect of the increasing length of the day.

A similar pattern in distribution of total radiation is observed ir June
(fig. 18). 1In the Northern Hemisphere totel radiation varies only slightly
(although the areas of greater amounts in deserts are well pronounced ),
whereas in higher latitudes of the Southern Hemisphere total radiation de-
creases rapidly with increasing latitudes,

The distribution of total radiation in other months shows the following
patterns, In march and September isolines of totel radiation resemble
qualitatively those presented in the annual mep. In these cases the great-
est amounts of total radiation are elsoc cbeerved in regions of tropical

" deserts, The other months (January end February, April and May, July and
August, October and November) have an intermediate pattern of distribution
of total radiation between those indicated above,

The highest amounts of total radiation of single months can reach values
of 20-22 k@;-cnl/cnf)éz.1 -

The meps compiled by T.G. Berliand and N.A., Efimova (1955 /297) could
be used for a more detalled geographicel analysis of total radiation in the
USSR. These maps were constructed by using the seme method, but they are
more detajled. On the annusl map (fig. 19) isolines are dravn in 10 kg-cal/
cmz/yeu intervals, vhereas the intervel between isolines on the pertinent
world map (fig. .165 18 20 kg-cel/cn?/yesr.

* As can be seen from fig. 19, annuel amounts of total radiation in the
USSR range in wide limits, increasing considerably with decreasing latitude.
Over most of the Asiatic USSR amounts of total radiation are somewhat

gredter as compared with the same latitudes in the European part of the
USSR. They are especially higher in Central Asia due to the small amount

of cloudiness in this region. In the Far East the total rediation decresses
(1in comparison with more westerly regions) under the influence of increased
cloudiness during the summer season, which is typicel for monsoon climate.

Now we will go over to spatial distribution of the other rediation bal-
ance components,

The absorbed short-wave radiation is somewhat smaller than the total
radiation, however, its distribution patterns are so much similar to those
of totel radiation that there is no need in study:

ing them separately.
We vill only point out some of the major features in the distrib\::tlon of
absorbed radiation.
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Contrary to the pattern of total radiation, isolines of the absorbed
radiation are usuelly not continuous, Particularly on the border of
continents end water bodies the isolines of absorbed radiation are, as &
rule, discontinued, which shows the abrupt change in the albedo of the
underlying surface.

A relatively small difference between the total and absorbed radistion
(about 5-20%) is observed on the major part of the land and oceans. This
difference increases somewhat in deserts and especially in regions covered
with snow and ice. Consequently, if we have on land or water surfaces, a
more or less well pronounced boundery of snow or ice cover, then, on this
boundary the value of absorbed radiation changes very rapidly and the
isolines on the map might break up.

For a study of spatial distrivution of the effective radiation {which
shows loss of heat by long-wave radiation) date of calculations accom-
plished for the preperation of maps for the Atles of the Heat Balance (1955
[I5]) can be used. These calculations were made for 770 sites (420 of them
on land end 350 on the oceans), more or less regularly distributed over the
earth's surface.

These calculations showed that spatial variations in effective radiation
are generally smaller than those of total radiation. This phenomenon is
to a certain extent explained by the fact thet in the majority of the
climatic zones changes in temperature and in absolute humidity are associ-
ated with each other - with increase in temperature absolute humidity also
increases. The changes in effective radiation are comperatively small,
since an increase in temperature and absolute humidity are affecting it in
opposite directions.

The greatest amounts of effective rediation are observed in tropical
deserts, where they reach 80 kg-cal/cn?/year. This is mainly the result
of a tremendous warming of the underlying surface in deserts as compared
with air temperature,

Near the equetor effective radiation is lowered (about 30 kg-cal/cm2/
year), and in this area it differs only slightly between the land and ocean.
With higher latitudes on the ocean, effective radiation increases approxi-
mately up to 40-50 kg-cal/cm® e year at the 60° parallel. In the area of
extratropical latitudes, on land, effective radiation. is, on the average,
somevwhat higher than that of the oceens in the same latitudes, especislly
so in arid regiouas.

The spatial distribution of radiation balance of the underlying surface
is presented by e series of maps also including the series of world maps,

in the Atlus of the Heat Balance.

The chart of annual sums of radiation balance is presented in fig. 20,
On this chart the abrupt change of rediation balance at the boundary be-
tween land and sea 1is well pronounced, the isolines break up suddenly.
Because of the lower albedo of the ocean surface the radiation bslance of
the underlying surfsce is positive. As has been indicated in the author's
papers (19482,1949a [39 & h}7, negative annual amounts of radiation balance
can, apparently, be observed only in regions with a permanent {or almost
permanent) snow or ice cover, for instance in Central Greenland, in

Antarctica, etc.
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Figure 19. Total radiation in the U.S.S.R., annual values in kg-cal/cme/year.
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The distribution of rediation balance on the ocean surface, as is shown
in fig, 20, is less complicated than that on land and mainly has a zonel
pattern, Some deviations from this pattern take place in regions affected
by warm or cold sea currents, and these deviations may have s different sign
for the seme type of current because of the complexity of relations between
the values of heat balance components and the air and water temperature, air
humidity and cloudiness,

There is & contrast between the comparatively small changes in the radi-
atlon balance of ocean surfaces in tropical latitudes, and the rapid de-
crease of the balance values in moderate zones from lower to higher lati-
tudes.

The largest value of radiation balance on the earth's surface was found
in the northern part of the Arabian Sea - it was more than 140 kg-cel/cme/
year.

The distribution of the radiation belance values on land also has, to
some extent, a zonal pattern. However, in meny areas the zonality is
abruptly broken by the effect of different moistening. In earlier investi-
gations the author repeatedly pointed out the considerable decrease in
radiation balance in arid zones of the lend as compared with reglons of
sufficient and excessive moistening at the same latitudes. The reason for
this is found in & grester expenditure of radiation heat for effective
radiation in arid regions (which results from the high temperature of the
surface, small amount of cloudiness and relatively low air humidity) and
for reflection of short-wave radlation.

According to this, in fig, 20, with the general decrease of radiation
balance with decreasing latitude, there are well marked areas of a consider-
ably lower radiation bslance associated with the aridity of climate, This
relationship is particularly pronounced in deserts of Central Asia, in the
Sehara and in other desert and arid areas., In monsoon areas, the annual
amounts of radiation balance on land are mlsc somewhat lower because of
greater cloudiness during the warm season,

The greatest annual amounts of radiation balance on land are observed in
humid tropical areas, however, even here they hardly reach 100 kg-cal/c
year, which is considerably less then the maximum values on the ocean.

Let us examine the radiation balance in December, when in the Northern
Hemisphere the average altitudes of the sun are at their minismm, and in
the Southern Hemisphere - at thelr meximum., As can be seen from fig, 21,
The December radiation balance on a considerable part of the Northern
Hemisphere's surface is negative. It is also interesting thet the zero
line of the radiation balance, on the ocean as well as on land, lies approx-
imately along the same latitude - on the average, a 1little to the south of
40°N, Northward from this latitude on the ocean the negative radiation
balance increases in its absolute values rather rapidly and reaches -4 kg-
cal/cme/month and even greater negative values.

On lend, the negative radiation balmnce also increases its absolute
values in & northerly direction, however, its negative values here reach
only mbout -2 kg-cal/cm?/month, The reason for thls difference is seen
in the fact that on ocean surfaces in higher latitudes the water tempera-
ture during the colder season is much higher than that of land surface's

at the same latitudes.
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Figure 21. Radiation balance, December, in kg-cal/cng/nonth.
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Therefore, effective outgoing radiation on oceans i1s considerably higher
then that on land, and the radietion balance is accordingly smaller.

South of 4O°N the radiation balance in December imcreases on the oceans
in e more or less zonal pattern down to the equator, where it reaches
values of about 8 kg-cel/cm?/month. Southward from the equator radiation
balance on the oceans changes comparatively little; its greatest values
(up to 10-12 kg-cal/cn?/month) are mainly recorded in the regions of the
Tropic of Capricorn. Still further south, the radiation balance again de-
creases somevhat. On land, between 40°N and the equator it”grows regulerly
in a soutberly direction, and south of the eguator it changes only slightly,
- mainly from 6 to 8 kg-cel/cm?/month.

The general features in the distribution of redistion balance in Juwe,
in the Forthern Hemisphere, are similer to those in December in the Southern
Bemisphere, and conversely.

The zero isoline of radiation balance in June, on the ocean and on land,
lies approximately along 40°S (fig. 22). North of this line the radiation
balance increases and reaches, on the ocean, the greatest amounts in the
regions of the Tropic of Cancer (with peak values somewhat higher than 14
kg-cal/cmz/month observed im the northern part of the Arabian Sea). North
of the Tropic of Cancer the radiation balance on the oceans decreases
slightly, bowever, up to 60°- 66°N it is still larger than 8 kg-cal/cn?/
month. On lsnd, rediation balance in the Southern Hemisphere grows regularly
in a portherly direction approximately up to the equator; northward from the
equator, on the vast expsnses of land, it only changes slightly. So, for
instance, almost for the whole of Asia, from Indo-China up to the Taimyr
Peninsula, radiation balance fluctuates within the limits of 6 to 8 kg-cal/
cr®/month.

On waps of radiation belance for the other months, the location of its
zero line should be noted. So, for instance in March, this isoline trav-
erses Eurasia from the northwest to a southesstern direction, through
southern Scandinavia, Lithuania and the White Rutenian SSR, through the
northern Ukraine, Saratov Province and Northern Kazskhstan. In eastern Asiu
this line lies epproximately along 48°N.

On the continent of North America, in March, the zero lime in the east
lies in the eree of the lower stream of the St. Lawrence River, turning
considersbly northward in the vestern portion, finally reaching 55°N.

It mist be noted that the locetion of the zero ispline of the radiation
balance on land presents en important index, showing the distribution of
ereas with typical climatic features of the winter season, and therefore
deserves & detailed examipation.

Let us now show a more detailed map of the ennual amounts of radistion
balance in the USSR, which we reproduce here as preseuted by T.G. Berliand
and N.A. Efimovs in their paper (1955 /29/). Deta on this mep (fig. 23)
show a rapid increase of balance values from morth to south. In higher
latitudes the rediation balance on lend is, on the aversge for the yesr,
very close to zero, but in the southern pert of the USSR it reaches 40-50
kg-cal/cme/year. A typical decrease of radiation balence in deserts and
alaso in eastern Siberie is well pronounced.

In conclusion 1t 18 necessary to once more indicate that, the exsmined
data on radietion balance presents "macroclimatic" characteristics deter-
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Figure 23.
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mining 1ts average values for more or less lerger regions. As was already
noticed in§ 6, considersble microclimatic varimtions of radiation balance
can take place on land, Accordingly, actual values of radiation balance
for individuel plots of a certein underlying surface in any geographical
reglon on lend could differ considerably from the general ‘background"
characteristics.

Ag a rule, spatial variation in radiation balance is much smeller over
the ocean than over land, but here too, under certain conditions (floating
ice sheets, accumulations of sesweeds, etc.) a rapid change in redistion
balance can be observed.

This fact, which makes maps of radiation balance look much like maps of
such changeable meteorological elements as, for instance, soil moisture,

501l surface temperature, etc., must be accounted for when data on radiation
balance are used.

§8. Heat balance

We now turn to the question of distribution of the annual values of the
other heat balance components on the earth's surface - expenditure of heat
for evaporation, turbulent exchange, and redistribution of heat by sea
currents.

For the analysis of these questions we can also use maps of the Atles of
the Heat Balance (1955 f15/). A corresponding series of world maps have
been constructed by using celculation methods described in chapter II. The
belance components were calculated for 1300 sites {about 650 sites on oceang
located mainly in 5° latitude and 10° longitude intervals, snd about 650
sites on land - in intervals of 5° of latitude and 5° of longitude).

The distribution of the annuel amounts of heat spent for evaporation is
presented in fig, 2k. It shows that amounts of evaporation from land and
aceens in the vicinity of coastlines differ considerably. This fact can
epparently be explained by the difference in eveporability {the possible
evaporation) between the land and ocean because of different radiation bal-
ance values, and also by the effect of molsture deficiency in many regions
of the land, limiting the evaporation and expenditures of heat for it.

Fig. 24 shows that, in extretropical latitudes expenditures of heat for
eveporation generally diminish with higher letitudes. However, this gen-
eral rule 1s interrupted on oceens as well as on land, by large non-zonal
changes. In tropical zcones the distribution of heat losses is also of a
very complicated neture; on oceens, this component diminishes somewhat at
the equator as compared with ereas of high pressure.

The main reason for non-zonal changes in heat losses for evaporation on
the ocean sre apparently the warm and cold sea currents. All the principal
warm currents increase these losses considerably, and cold currents - dimin-
ish them, Corresponding changes are well pronounced in the regions of warm
currents: Gulf Stream, Kuroshio, Brasilian Current and others, end elso in
cold streem sreas like: Canary Current, Benguele Curreni, Californian Cur-
rent, Peruvien Current, Labredor Current, etc.

Under the influence of sea currents, which increase or lower the water
temperature, the ennual emount of evaporation from the ocean surface at a
certain latitude can vary by two or three times its value.
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Besides the sea currents, atmospheric circulation alsc coutributea to the
non-zonel changes in amountas of evaporation and in amounts of heat spent for
it. This effect is felt mainly through changes in tbe radistion balance of
the ocean surface.

The heat expenditure distribution for evaporastion from lend differs still
more from the zonal pattern as compared with that of oceans, because of the
tremendoua influence on evaporation exerted by climetic conditions of mois-
tening.

When e eufficient amount of moisture is available in soil, evaporation
and losses of heat for evaporation are regulsted mainly by the radiation
balence. Such conditions are observed in reglons of higher latitudes and
in moist regions of moderate and tropical latitudes.

In regions of insufficient moistening, the amount of evaporation is
diminished because of the deficiency in soil moisture. In deserts and
semideserts it approaches the sum of precipitation, which is very smell in
these regions. Fig. 2 shows distinctly the areas of sbruptly reduced
losses of heat for evaporation in the main arid regioms of the terrestrial
globe, The greatest expenditure of heat 18 observed in molst equatorial
regions vhere it reaches 60 kg-cal/em?/year,which ia equal to evaporation
of a water layer approximately 1 m. thick, during a year.

Much greater values are reached in evaporation from the ocean surface,
where the radistion balance is somewhat higher then thet on land, and - thia
is very important - the evaporating surface receives a 3veat deal of sddi-
tional heat energy me & result of the heat redistribution by sea currents.
In this connection, in some tropical and subtropicel reglons, the annual
evaporation from the ocean surface reaches amounts somevhat higher than a
layer of water 2 m. thick.

The maps of monthly expenditures of heat for evaporation from the ocean
completely confirm, the fact of the opposite annual warch of evaporation in
extratropical latitudes on land and oceans, which was stated earlier in the
literature,

It is well known that, during the cold season evaporation on lend dimin-
ishes considerably. The maximum evaporation is observed at the beginning
or in the middle of the warm season, depending on the precipitation. Con-
trary to this jthe evaporation on the oceane, 1n the cold season, usually
increases as compared with the warm period. A direct reason for this is
the increase of the temperature difference between alr and water during the
cold season, which also increases the difference in concentration of water
vepor at the water surface and in the eir. Moreover, in many regions the
mean wind speed during the cold season 1s higher than in the warm period,
which also increases evaporation during cold periods.

The increase in evaporation and heat expenditures for eveporation during
the cold season is closely associated with the increesing effect of warm
currents during these periods, vhereas during the warm semson, cold currents
are most active in this respect, thus lowering the expenditure of heat for
evaporation. The actual conditions of heat influx to the evaporation sur-
face of oceans, which are associated with the existence of a powerful hori-
zontal heat transmission in the hydrosphere, represent the main factor in

increesing losses of energy for evaporation in the cold period,

We will novw consider the problem of the geographical distribution of
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Figure 24, Expenditures of heat for evaporation, snnual values in kg-cal/cm?/year,
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turbulent heat flux,

Fig. 25 shows the amount of heat that is emitted by the und-rlying sur-
face to the sir {positive values) or received from the air (megative values).
First of all, the most outstanding feature shown by this map is the fact
that the surface of all continents (except ;Anhrctica) as vell as the major
portion of the ccean surface, on the avarsge for the year, emits heat into
the atmosphere,

On the major portion of the ocean surface the turbulent heat exchange
value is not large in comperison with the principal components of heat bal-
ance, and usually comprises not more than 10-20% of their values. High
absolute values of the turbulent exchange are reached in regioms where the
wvater 1s, on the average, much wvarmer than the air, i.e., in regions affected
by poverful warm sea currents {Gulf Stream) and in some areas of higher lati-
tudes where the sea is still free from ice. Under these conditions turbulent
heet flux can exceed 50 kg-cal/cm?/year,

The other varm currents, except the Gulf Stream, exert a relatively
minor influence on turbulent heat emission from the ocean surfece into the
atmosphere. :

The cold currents, which lover the ses vater temperature, diminish the
turbulent streams of heat from the ocean surface into the atmosphere and
reinforce streems of opposite flow. As & result of this, in regions affec-
ted by some cold sea currents, the mesan annuel heat flux although very szall
18 directed from the atmosphere to ths oceen (Canary, Benguela, Californisn
sea currents).. More complicated are the causes for the formation of areas
vith the heat flux directed to the ocean surface in the southsrn portions
of the Atlantic and Indian Ocesn (at 50°S). In this case, the turbulent
heat flux ia apperently affected by the advection of warm air mmsses over a
cold ocean surface.

In contrast to what is cbserved cn oceans where on the aversge the
turbulent heat flux increases in its absolute value, with higher latitudes,
on land, this flux chsnges, in the opposite direction. At the same time,
the turbulent stream on land is strongly affected by the precipitation re-
gime - in the arid regions turbulent hest emission from the land surface
into the atmosphere iz much stronger than in molst areas.

Consequently, the greatest expenditure of heat by turbulent flux on land
is found in tropical deserts, where it may exceed 50-60 ‘kg-cal/ﬂ:Z/year. In
moist tropical reglons, especially in regions of moderate and higher lati-
tudes, expenditure of heat by turbulent flux is much less than the value
given above, -

In December turbulent heat flux reaches large absolute values only in
the porthern Atlantic Ocean end in the northwestern section of the Pacific
Ocean, as a result of the warm sea currents' influence, and the development
of heat exchange between the cold surface of continents and warmer oceans.

In the region affected by the Gulf Stream, the expenditure of heat by
the ocean for turbulent heat emission reaches 4-8§ kg-cul/cme/mnth, and in
reglons affected by the Kuroshio it reaches 2-4 kg-cal/cm?/month.

It is interesting to note that, a noticeeble beat emission (more than
2 };g-cal-cn?/mnth) in December, is also observed in the northern South
China Sea and ip the Gulf of Bengal, which 1s ccnnected with the development,
of monsoon circulation in this region. —~
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An entirely different pattern of distribution of turbulent heat streams
over the ocean ie observed in June, wen in the northern portion of the
Atlantic Ocean at the shores of North Americe, Europe and Africs we can see
large zones where the turbulent heat streasm is directed from the atmospbere
to the ocean surface.

A similer pattern also exists over a large section of tbe Pacific Ocean
in the Northern Hemisphere, including the shores of China and Jepau.

However, it must be noted, that in all these reglons (except in the
limited reglon effected by the cold Labrador current in the northwest por-
tion of the Atlantic Ocean) turbulent flux is weak (less than 2 kg-cal/cmz/
month). This shows that in the process of heat exchange between oceans and
land, oceans emit considerably more heat during the cold season than the
amount they receive from land during the warm period,

In the Southern Hemisphere during June, oceans in moderete and higher
latitudes emit up to 4-6 kg-cal/cw?/month into the atmosphere.

As has slready been noted in chapter I, each unit of the ocean surface
can on the average per year, receive or lose some amount of heat due to
horizontal heat emission in oceans, 1.e., mainly due to the effect of sea
currents. Mean annual values of this emission, determined as the remainder
term of heat balance described eerlier, are presented in fig. 26.

In analyzing this map we can see the existence of a good agreement be-
tween areas of higher positive values (showing outflow of hest from the
ocean surface) and regions of cold sea currents, and conversely, between
lover negative values and warm currents.

This agreement is particularly observed for warm currents-Gulf Stream,
Kuroshlo, Igolt'ny, Southwest Pacific-, and for cold streams - Cenmary,
Benguela, Celifornia currents and the northern portion of the Peruvian
Current,

At the same time, In some regioms of the ocean, the distribution of
isolines in fig, 26 does not coincide with the locations of the main areas
of warm and cold streams. This 15 explained partly by the fact that the
value shown on the map does not directly indicate a transfer of heat by sea
currents, but shows only one of the consequences of this transfer - the
averege increase or loss of heat by the ocean surface as a result of heat
exchange with deeper layers.

We can, for instence, assume that because of this resson the greatest
absolute amounts of these values in the Gulf Stresm region of moderate and
higher latitudes are located more to the west, away from the main current
of this stream. It 1s quite probable that the greatest loss of heat,
transferred by the stream, takes place in the western arems of the Gulf
Stream, which are the closest to the cold reglon of the northwestern shores
of the Atlantic comst. However, it must be pointed out that some peculiar
features in the isolines of fig. 26 are epparently connected, to a certain
degree, with the insufficient reliability of the calculated velues. Since
these velues were derived as the remainder term of balance, it is obvious
that when calculating them, errors in determining the other components of

balance were added and the greatest error in the calculations, as compared
with all other components, originated. This was epparently reflected by
the location of the isolines, which diminishes their reliability, espe-
cially for some regions in the oceans of the Southern Bemisphere and for

gurface and
1/cn?/year.

1 values in kg-ca

Heat exchange between the ocean
the deeper layers, annue.

Figure 26.

117



ns

the northern section of the Pacific Ocean, vhere originsl climatological
data used for calculations wers positively insufficiently rellable.

[§9. The annual and diwrnel veristions of hest balwies
- ' COMpOBentS

The snnual variations in heat balance on land

Let us nov examine the principel features of the anmusl march of heat
belance components in the main climatic zones of the terrestrial globe,
Yor this purpose we will use data from wvhich the Atlas of the Beat Balance

w¥as constructed.

Us: the principles of climatic classification by B.P, Alisov (Alisov,
1 3 Alisov, Drozdov, Rubinshtein, 1950 E,' Alisov and Borokins, 1953
/107,604 others), we present here data on the annusl march of balance com-
ponents for climatic zones that differ in circulation processes.

Taking intéd account the fact that, the sonmual march of the heat balance
components usually differs substantially between land and ocean regions, wve
will start with characteristics of the annual sarch on land surfaces.

A typical annual march of heat belance P ts in the equatorial zome
is presented in fig. 27 (Manfos, Bouth America). As can be seen from this
figure, in the equatorial zone, the radiation balance [R changes Fatias
slightly in its annual march. Tvo maxima -~ @ szall one in spring, and s
more significent ene in autusn, - are comnected vith the increase of total
radiation during the equinox period, when in equatorial latitudes, the
aversge altitudes of the sun are greatest.

Because of a persistent soill moistening by sbtundant precipitation in
the region of Manios, the major portion of the radiation belance heat is
spent for evaporation. The annual march of heat expenditure for evapora-
tion ‘LE is almost parallel to the annual merch of radiation balance.
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Figure 27

Anmsl varietions of heat balance components,
Manfos, 3°08'S, 60°01'W. Equatorisl continental climate,
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Turbulent heat exchange P shows small values in all months of the year,
These values grow a little larger in autum, after a period of relatively
sparse precipitation, when losses of heat for evaporation diminish slightly
&8 compared with radiation belance, .

Anotber type of the annual march of heat balance components is presented
in fig. 28. It pertains to climatic conditions of equatorial monsoons on
eastern coasts of continents (Saigon, Indo-China). Radiation balance, pre-
serving great values during the whole year, has a sharp maximum at the end
of wirter and beginning of spring, when the analyzed region.is occupied by
dry tropical air with only a slight amount of cloudiness. A decrease in
cloudiness increases considerably the total radiation, which results in a
larger radiation balance.

With & large annual amount of precipitation in Saigon, the expenditure
of rediation balance increases considerably; the expenditure of heat for
evaporetion is also great, and it varies considerably during the year.

kg-cal/cm?/year
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Figure 28

Annual veriations of heat balance components.
Saigon, 10°47N, 106°42°E, Equatorial monsoon climate.

At the beginning of the dry period, when the soil is still wet, but the
radiation balance has already increased considerebly, the expenditure of
beat for evsporation increases slightly,as compared with the moist period.
Howvever, somewhat later, with the progressing desiccation of soil, loss of
heat for evaporation diminishes rapidly and at the end of the dry period
(April) it is reduced approximately to half of the maximum value that was
observed in February. .

Tt should be noted that, the minimum of evaporation is observed later
than the maximm of radiation beslance. Apparently this can be explained
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by the dependence of evaporation on soil moisture.

The annmusl march of turbulent heat exchenge is, in its general form,
opposite to that of evaporation. Tae turbulent stresm is small during all
months, except during the second half of the dry period, when it becomes
larger than the expenditure of heat for evaporation.

For areas of the tropical belt a great diversity of the amnual march of
heat balance components is typicml. It depends on the location of analyzed
regions in relation to permenently acting beric systems.

The ennual merch of heat balance components in areas of continental
tropical climmte is presented in fig. 29 (Asvan, northeastern Africa).
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Figure 29

Apnpual variations of heat balance components.
Asvan, 24°02'N, 32°53'E. Tropical continental climate.

In typicel tropical deserts the anpual march of the heat balance com-
ponents is determined by rather simple laws.

Under conditions of consistently smell amounts of cloudiness, variations
of radiation balance are effected mainly by the altitude of the sun in its
annual march. This results in certain changes in total radiation.

A well pronounced annual march of radiation balance shows therefore, a
strong influence of astronomicel factors on rediation balance, even to
relatively lov latitudes (about 24°). It should be noted that the greatest
velues of radiation balance in Aswen are smaller than its higher values in
Saigon, although the corresponding veluee of total radiation show a converse
relationship. This is explained by the somevhat higher albedo in deserts
and, wainly, by very large values of effective ocutgoing radiation from stron
gly heated desert surfaces.

Since precipitation in Aswan 1is practically nil, expenditure of heat for
evaporation during the whole year is close to zero. As s result of this,
the turtulent heat emission is very great and approaches, in its value, the
radiation balance {a small difference between these values is effected by
the existence of e relatively emall heat exchange in soil).

Entirely different patterns of annual variations of bez;t balence com-
ponents are observed in regions of the western periphery of tropical anti-
cyclones (fig. 30, Belize, Central America).
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Figure 30

Apnual varistions of heat balance components.
Belize, 17°32'N, 88°10'W. Tropical climste
of the western periphery of oceanic anti-

cyclones,

In these regions, quantities of precipitation are large and, accordingiy
expenditure of heat for evaporation is great. During tbe msjor portion of
the year, in Belize, loss of heat by evaporation is only slightly smeller
than the radistion balance, and turbulent heat emission is comperatively
insignificant. Evaporation decreases at the end of spring after a brief
dry period, during which the soil loses a portion of its moisture. Simul-
taneously, the amount of turbulent heat emission increases markedly.

It is interesting to note that the greatest values of radiation belance
in Belize are observed in the spring months and not in summer, when the
great cloudiness diminishes the total radistion.

Contrary to the climatic features of Belize, in the eastern periphery
regions of the oceanic anticyclones the features of deserts are observed,
which however, differ considerably from conditions of continental tropical
deserts., A sample of an annual march of heat balance components for this
type of climate is given in fig. 31 {Swekopmund in southwestern Africa).
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Figure 31

Annual variations of heat balance components,
Swakopmand, 22°42'S, 14°32'E, Tropical climete
of oceanic anticyclones.

As can be seen from fig. 31, the radiation balance in Swakopmund, as
well as in Aswvan, changes with the average height of the sun, which is at
its minimum in the Southern Hemisphere winter, However the greatest values
of radiation balance in Swakopmund are noticeably smaller than those in
Asvan, due to the diminished total rediation as effected by the decreased
translucence of the atmosphere to solar rays.

The expenditure of heat for evaporation in Swekopmund is insignificant
eand the turbulent exchange is, in its value, close to the radiation balance
In the subtropical belt climatic conditions are also very diversified
and depend on the patterns of circulation processes. The annual march of

heat balance components changes here sccording to circulation factors.

A typical pattern of the annual variations of heat balance components
in subtropical continental climate is presented in fig. 32 (Krasnovodsk,
Middle Asia). In this case the annual march of radiation balance, as effec-
ted by astronomical factors, is very well indicated., In winter months the
radiation balance alrealy reaches some negative values., The loss of heat
for evaporation is insignificent because of sparse precipitation especially
in the summer months. Accordingly, in the warm season, the tul‘bl:.lent flux
reaches large values, whereas during the cold period it is swall in its
absolute value, and in some months it is even directed from the atmosphere
to the earth's surface.

Quite a different type of ‘ennual march of heat balance components is
cbserved in subtropical climates on the western coasts of continents,

Data presented in fig. 33 (Lisbon) indicate that, in this case the rasdiation
balance has a very high maximum in summer; it is considerably higher than
that of Krasnovodsk.
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Figure 32

Annua.} veriations of heat belance components,
Krasnovodsk, 40 CO'N, 52°59'E, Subtropical continental climate,
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Figure 33

Annual variations of heat balance components
Lisbon, 38°42°'N, 9°08'W. Subtropical climate
at the western coasts of continents.
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The reason for this aifference ip seen in the fact tbat in Lisbon, with
a smell amount of cloudiness (eund, consequently, 8 sizable total radiation)
in gummer, there is a considerable lower expenditure of heat for reflection
of short-wave radiation and for effective outgolng radiation as compared
with Krasnovodsk.

In Mediterrsnean climate, with dry summers and moist winters, a peculiar
type of the annual march of heat expenditures for evaporation and turbulent
heat emission 1s observed.

The expenditure of heat for evaporation in the Lisbon region increases
rapidly in spring (in accordance with increasing radistion belance) and
remsins high 1o the beginning of summer when the soil 1s not completely
dry, then drops repidly in accordance with the desiccation of the upper
goil layers, The small secondary meximum of evaporation ig observed at
the end of autumn, when the soil is agein moistened. However, it is soon
replaced by the winter minimum, due to the deficit in rediation hesting.

The turbulent heat emission reaches a maximum peak during the second
half of summer and at the beginning of autwmn, In the other seasons its
values are small,

In subtropical monsoon climate at the eastern cossts of continents, as
is seen from fig, 34 (Shanghai), the summer meximum of radiation balance
18 considerably reduced. The reason for this is the greater cloudiness
during the summer monsoon. A great amount of precipitation mssures high
expenditures of heat for evaporation, which are cloge to the radiation bal-
ance vaiue. In connection with this, the turbulent beat emission is com-
peratively small throughout the year. In the moderate zone the pattern of
the annual march of heat balance components also varies wlth the circulation
factor.
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Figure 34

Annuel variations of heat balance components.
Shanghei, 31°14%'N, 121°27'E. Subtropical monsoon climate.
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In the centrel regions of continents the radiation balance bas a distinct
summer maximum; in the Northern Hemisphere it is usuelly in June (fig. 35,
Barnaul), In spring and autumm the radiation balance changes rapidly. In
vinter it is negstive, with absolute values smellér than those of the summer
maximm, The period with negative values of rediation balance coincides,
more or less, with the snow cover period (although there are of course some
differences between these periods).

The annusl march of heat expenditures for evaporation in these climatic
regions resembles that of the radiation balsnce. The difference between
the amounts of heat expended for evaporation and radiation balance in the
warm season 1s greater with lesser precipitation. The changes in turbulent
heat emission during the year show a summer meximm, which is more pronouna-
ed in drier climates, In winter the turbulent flux of heat is directed
down (to the underlying surtace), however, its absolute velues usually are
smaller than in the summer season.

It is worthvhile to mention that, in continental climates the highest
values of heat balance are often cbserved at a different time. The maximum
of heat expenditures for evaporation usually precedes the maximum of radi-
ation belance, and the maximmum of turbulent hemt emission follows the maxi-
mum of radiation balance.

This type of distribution is the result of soll desiccation in midsummer
and in the gsecond half of the summer seagon, which diminishes the expendi-
tures of heat for evaporation at this time, and accordingly, increases
turbulent heat emission.
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Figure 35

Annual variations of heat balance components.
Barnaul, 53°20'N, 83°4LB'E. Continental climste of moderate latitudes.
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In meritime climates of moderate latitudes (fig. 36, Paris), many
particular features of the annual march obgerved in continental climetes
are preserved. This also includes the sequence in time of maxima appearance
of heat balance components.
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Figure 36

Annual veriations of heat balance components.
Paris, 48°49'N, 2°29'E, Maritime climate of moderate latitudes,

Moreover, in the monsoon climate zone at the eastern coasts of continents
in moderate latitudes, the annual merch of the heat balance components has
some peculiar features (fig. 37, Vledivostok). In this case, high clouds
in swmer effect a charateristic "flattening” of the annual curve of radi-
ation balance with reduced maximum values. The curve of heat expenditure
for evaporation also has a similar form, with the maximum in August. In
winter the heat balance of this region has approximately the same charac~
teristics as the heat balence of similar latitudes in the continental
climete zone.

In higher latitudes, in a subarctic continentel climate, the components
of heat balance have an annual march similar to that of the continental
climete regions in moderate latitudes (fig. 38, Turukhansk),

In this zone meximum values of radiation balance are not less than those
in lower eltitudes, although the length of the period with positive values
of radiation belance is considerebly smaller. Due to this fact, the ennual
march of radiation balance curve hass a sharper form, A similsr form is
found in the curve of heat expenditures for eveporation in the same re-~
glons.

It is interesting to note that, in the subarctic vertical turbulent flux
of heat directed upward is, in the warm season still greater, in its
obsolute values, than turbulent flux in the cold eseason, which is directed
from the atmosphere to the underlying surface,
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Figure 37

Annus]l veriations of beat belance components,
Vladivostok, 43°07'N, 131°5k'E. Monsoon climate of moderate latitudes,
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Figure 38

Annual veriations of heat balance camponents.
Turukhansk, 65°47'N, 87°57'E. Subarctic continental climate.

Since date on the annual march of heat balance components for arctic
1stitudes are mich less reliable, we will not examine them, and only some
remarks sbout the gemeral features in the annual march of beat belance com-
ponents on land surface will be glven.
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The results presented ‘bove indicate that, the greatest monthly sums of
radiation balance change dnly slightly when we go from equatorial to sub-
arctic latitudes. The mafn reason for this is seen in the fact that, in
higher latitudes the decremse of maximum altitudes of the sun in sumer is
compensated, to a certain extent, by the increase in daylight hours.

Thus, the change in annual values of radiation balance with latitude,
which is rather remarkable ,in moderate and higher latitudes, is accomplished
not by the reduction of the balance's maximum values but by shortening the
period with its positive values.

The annual march of two other principal components of beat balance on
land surfaces - expenditure of heat for evaporation and turbulent heat ex-
change -~ are very much dependent on conditions of moistening,

Under consistent exceesive moisture conditions, expenditures of heat for
evaporation are close to the radiation balance value and, in this cese, the
turbulent heat flux is mot great (at a positive radiation balance) and
usually represents heat emission from the underlying surface into the atmos-
There,

If dry periods effect a considerable soil desiccation, expenditures of
heat for evaporation are diminished, and this decrease is more significant,
in comparison with radiation balance, when the desiccation of soil is
greater, Simultaneously, turbulent heat emission also increases, The
period of decreasing expenditures of heat for eveporation and the growing
heat emission lags behind the start of the dry period in its phase relation-

" ship, since at the beginning of a drought the soil usually retains & con-
siderable amount of moisture.

In conclusion it must be noted that, on land, monthly sums of heat ex-
change between the underlying surface and deeper layers (heat exchange in
8oil), are usually much cmaller in their absolute values than the meximm
monthly sums of the principal components of heat balance. However, during
pericds when the principal components of balance are lower in their absolute
values (for inmstence, in winter months), values of heat exchange in soil
could be quite comperable with these components.,

The curve of the annusl march of heat exchange in soil resembles, in
the first approximation, a sinusoid. This curve indicates an expenditure
of heat for soil warming during the werm season and a gein of heat in the
cold season when the soll cools off. The amplitude of the annual variations
of heat exchange in 80il, as has already been noted in chapter 11, is
closely associated with the annual range of air temperature. Therefore s in
meny tropical regions, where the air temperature changes only slightly »
during the year, changes in monthly sums of heat exchange in soil are
insignificent throughout the year,

Tbe highest monthly values of heat exchange are observed in continental
climates of moderate and higher latitudes, However, in these cases » maximmm
monthly values of heat exchange are still much lower than the maximm values
of radiation balance. This circumstance basically differentistes the con-
ditions of heat exchange between the underlying surface and deeper layers
on land from those of the oceasn.
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The annual march of heat balance ts on the

The annual march of heat balance camponents in various zones of the
oceans will be examined in the same order as has been done for land,

As an example of the ennual march of the beat balance components in the
oceans of the equatorial zone we will present data for the western segment
of the Pacific Ocean, north of New Guinea. Fig. 39 shows that in this ares
radiation balence changes only slightly during the year. However, spring
and autwm maxima are still noticesble (both are shifted somewhat from the
equinoctisl months - spring maximum from March to February, and autumn maxi-
mum from September to October). The heat expenditure for evaporation is
close to the radietion balance value, end a turbulent heat flux, small in
its absolute value, is directed from ‘he ocean surface to the a.imosphere
during the entire year,
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Figure 39

Annuael variations of heat balance components,
Pacific Ocean, 0° latitude, 150°E. Equatorial climate.

The heat exchange between the underlying surface and deeper layers, in
this region develops into some comparatively large values in autumn, when
heat gain from the radiation balance considerably exceeds the expenditures
for evaporation and turbulent heat emission, The surplus of heat, which
is received by water masses during autumn, should obviously be transported
from the anslyzed region to higher latitudes by currents snd by macrotur-
bulence.

The ennual march of heat balance components in the oceanic climates of
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equatorial monsoons 1s presented in fig., 40 {The Arabisn Sea regicn).
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Figure 40

Annual variations of heat balance components.
Indian Ocean, 15°N,70°E. The climate of equatorial monsoons.

form of the annual rediation balance curve,
utinat:::mz?:n:memnur minimm, is distorted by a rapid increase
of cloudiness in summer during the period ‘of equatorial air messes influx,
An increase in cloudiness diminishes the total radiation and radiation bal-
ance, and in the annual march of radiation balance a secondary summer maxi-
mum oceurs. The turbulent heat emission in this region 1is insignificant
during the entire year (which is the result of insignificant differences
between water and air temperatures). However, ?;:::::nt emisgion increases
T 1s typical for monsoon ¢ .
Expesm::::u:i': :;n ;:«1’-. ;ir evngmtion in this reglon changes during the year
inversely to changes of radiation balance {this relationship is typical for
the msjor portion of the ocean)., The winter maximim of evaporation is, in
this cage, explained by advection of dry trede wind air masses, and is con-
nected with a considerable increase in saturation deficit, The swmmer
maximum is associated with a strong increase of wind speed during the
iod.
equ:zoii:elsﬁlozezgntgrconsidmble increase of heat losses for evaporation
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in winter and summer, and of & diminished radiation balance therewith, the
beat flux between the underlying surface and iower water layers is directed
upward during these seasons » although the absolute values are camparatively
smell. In contrast to this 5 in spring and autumn, great quantities of heat
en surface to deeper layers and eventuslly

Tections into other areas of the world's oceans.
annual march of heat balance componentg, over
those areas which have different circulation

In the tropical belt the
the ocean, ere different in
conditions,

The warm sea currents are 1
anticyclones, as it is well im
some increase in turbulent he
atmosphere.

As an example we will enalyze the region near the island of Trinidad
(Atlantic Ocean, northvest of the Brazilien coast). The annual march of
heat balance components for this area is given in fig, 41,
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Figure 41

Annual varietions of heat balance compoments.
Atlantic Ocean, 20°S, 30°W. Tropical climate of
The western periphery of oceanic anticyclones,

Radiation balance, under these conditions, changes in accordence with the
annuel march of total radiation, but expenditures of heat .for‘evaporation
bave an opposite pattern. The turbulent heat emission grows in the winter
months (for the Southern Hemisphere), when the effect of the warm Brazilian
current 1s reinforced. At this time of year the expenditure of heat for
evaporation and turbulent heat emission exceeds markedly the radiation bal-
ance, As a result of this a considerable loss of heat occurs on the ocean
surface; this heat comes from the deeper layers. This is a typical pro-
cess in an ares affected by & warm current which transports warmer water,
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In contrast to the conditlons observed in the western periphery of
oceanic anticyclones, their eastern periphery is affected by cold sea cur-
rents, and the annual march of heat balance components chenges accordingly.
As an example of the annual march o? balance components in tropical ereas
of the eastern periphery of oceanic anticyclones, we will analyze data
pertaining to the reglon affected by the Benguela Current in the southeast
portion of the Atlantic Ocean (fig, 42).
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Figure 42

Annual variations of heat balance components,
Atlantic Qcean 20°S, 10°E. Tropical climate of
the eastern periphery of oceanic anticyclones,

In this case the expenditure of heat for evaporation is drastically
reduced as compared with that of the Preceding region, which is located in
the same latitudinal zome,

The turbulent flux of heat, very small in its absclute value » is directed
from the atmosphere to the cold ocean surface. The absolute values of heat
flux grows somewhat larger in summer (of the Southern Bemisphere), when the
effect of the cold current is reinforced.

In this region, gain of heat from the radiation balance and turbulent
heat exchange is much larger than losses from evaporation, and a great
amount of heat energy is transmitted to deeper layers of the ocean which
are spent on heating the comparatively cold water masses transported by the
current. These expenditures are especially large in the sumer months.

In the subtropical belt, the main features of the annual merch of heat
belance components on the ocean surface are similar to those in the corre-
sponding areas of tropical latitudes. However, annual variations of radi-
ation balance are much more sharply Pronounced, which is the result of con-
siderable changes in the average altitude of the sun during the year.
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Figure 43

Annua). variations of heat balance components,
Atlantic Ocean, 55°N, 20°W. Climate of moderate
latitudes in reglons of warm sea currents.
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Figure 44

Annual variations of heat balance components.
Pacific Ocean, 45°K, 160°E. Monsoon climate of

moderate latitudes.
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Typical annual variations of heat balance components of the ocean surface
in moderate latitudes, are presented in figs, 43 and 44, The former, per-
taining to the northern portion of the Atlantic Ocean, shows heat balance
conditions in the area affected by the warm current of the Gulf Streem,

At the 55° latitude the radiation belance of the ocean surface changes
within very wide limits, during the year end its negative value in winter,
in contrast to land conditions, cannot be considered as being small in its
absolute values.

The turbulent heat flux, in this regiom, is directed from the warmer
ocean surface to the atmosphere during the whole year, and in winter its
values are much lerger than in summer, The expenditure of heat for evapo-
ration in the winter months is also very large. The ocean surface must
Tecelve a greet amount of heat from deeper layers to compensate for the
expenditure for evaporation, turbulent heat emission and heat lost by out-
going radiation.

The gein of heat, in this case, 1s achieved through the cooling of upper
water layers and partly, hy utilization of huge heat energy resources of
the Gulf Stream's powerful current.

The annual march of the heat balance components changes conalderably
when the effect of & warm current is combined with that of a monsoon climate
of moderate latitudes. As can be seen from fig. ik, which pertains to the
northwestern portion of the Pacific Ocean (southwest of the Kuril Islands);
in this case turbulent heat flux in the warm season 1s, on the average,
directed from the atmospbere to the ocean surface, and during the cold
season, conversely, from the ocean to the atmosphere. It is obvious that,
the value of turbulent heat flux represents an important quantitative index
of the influence exerted by monsoonal circulation on heat exchange.

In the analyzed region, as well as in the preceding one too, during the
winter wonths, the ocean surface recelves heat from deeper layers, which is
assoclated to a considerable extent with utilization of energy from the
warm current of the Kuroshio. In summer, however, a converse relationship
takes place; the supply of heat from the radiation balance and turbulent
heat exchange considerably exceeds the expenditures for evaporation, which
results in the heating of the upper waterlayers end facilitates the trans-
mission of excessive heat into other regions by means of horizontal heat
conductivity.

Since data on the annua) march of heat balance components for higher
latitudes are less reliable on the oceans, we will not examine them.

In conclusion we will list some generalizetions regarding the annual
wmarch of heat balance components on the oceans,

The annual march of rediation balance on the oceans is, by and large,
similar to that of land regions with a moist climste,

The turbulent heat exchange on oceans depends substantially on the
actions of warm and cold see currents, which are effecting changes in water
surface temperatures. In regions of cold currents the turbulent flux of
heat, which is directed from the atmosphere to the underlying surface,
usually has swall ebsolute values., In areas effected by warm currents the
beat flux is directed from the water surface to the atmosphere, and can
reach very large values.

It mist be noticed that in both casea (as distinect from land conditions)
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the annual march of turbulent heat flux is only slightly associated with the
ammual march of radiation balance, but it depends greatly on chenges in the
regime of sea currents throughout the year.

A similer pattern is observed in the emnual march of heat expénditures
for evaporation on oceans. As has been mentioned before, in moist land
areas, the annual march of heat expenditure for evaporation is very close to
that of the radiation balance. Contrary to this, on oceans, changes in heat
expenditures for eveporation in its annual march are usually opposite to
changes in radietion belance. This phenomenon is often connected with a
strong effect of warm and cold currents on evaporation, The regime of these
currents changes substantially during the year.

On the other hsand, annuel sums of heat expenditures for evaporation on
oceens, averaged for sufficiently large surfaces, are in most cases very
close to the values of radiation balance.

The greatest differences in the annual march of heat balance components,
between land and oceans, ere found in the heat exchange between the under-
lying surface and deeper layers. On land, this component is usually not
great for particuler months, and approaches zero in its annual value. 'On
oceans it may reach very large values for the year, and especially for
single months. This is the result of the great horizontal and vertical heat
conductivity of water, and it presents the basic reason why oceanic and
continental climates are so different.

Diurpal march of heat balance components in various climetic conditions.

Most of the deta on the diurnal march of the balance components was
obtained by expeditions,for more or less shorter periods, which makes it
difficult to utilize them in studying mean climatological features.

The most important experimental investigations along this line were
accomplished by the "Station of the Physics of the Air Layer near the
Ground." This station is attached to the Central Geophysical Observatory,
and it is located in Koltushi (Leningred region). The observations in
Koltushi have been carried out during a comparatively long period - _in 1947
and 1949-1951. These data were worked up by T.A. Ogneva (1955 /1797), end
are presented in fig.45 in the form of: the average dimrmal march of
radiation balance R, heat expenditures for evaporation LE » turbulent
heat exchsnge P, and heat exchange in soil A, for the month of July.

As can be seen from this graph, the diurnal march of the heat balance
components during the warm season is quite similar to the ammual march of
balance components under similer climatlic conditions in moderate latitudes.

The comparatively large values of radliation balence in daylight hours
provide for: expenditures of heat for evaporation, turbulent heat emission
and heat exchange in soil. The expenditure of heat for evaporation is
markedly greater than turbulent heat emission (which is typical for moist
climates), and heat exchange in soil is considerably smaller than the loss
of heat for evaporation or turbulent heat exchange.

During the nighttime negative radiestion balance is comparatively small
in its absolute value, losses of heat for evaporation approach zero and
the expenditure of rediation heet is compensated by the gain from the tur-
bulent heat exchange and heat emission from soil.
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Figure 45

Diurnel variations of hest balance components in
the Leningrad reglon during July.

As data derived by Ogneva show: in the spring and autumn months, the
range of diurnel veriations of heat balance components decreases with de-
creasing maximum heights of the sun. There are no reliable date on the
diurnal variations of heat balance components for the winter season in the
Leningrad region, however, it can be assumed that in this case, the range
of the average dlurnal veriations of all heat balance components 1is very
small,

In order to compare conditions in a sufficiently moist climate of mod-
erate latitudes with that of an arid climate, we present here the dlurnal
variations of balance components derived from data of observations obtained
by the expedition of the Central Geophysical Observatory in Pekhta-Aral
{Middle Asia) during July 1952. Although the period of observation was
rather short, it is safe to assume that the date of the observations suf-
ficiently represent average conditions, due to the great stability of the
desert and semidesert climete in summer. .

The diurnal march of heat balance components in Pakhta-Aral, as derived
from data given by Afzenshtat, Kirillova, Laeikhtmen and others (1953 /57),
is presented in fig. 46, In this case the similarity of patterns for
annual and diurnal conditions of heat balance components is slso well pro-
mounced. As was seen in the annual march during the summer season, it can
also be seen in the diurpal march during daylight hours that, positive
values of radiation balance compensate the expenditures of heat for tur-
bulent heat emission, and for heat exchange in soil. The turbulent heat
flux markedly exceeds the heat exchange in soil., At night, the compara-
tively smell heat expenditure is compensated by the influx of heat from
the soll and air. The expenditure of heat for eveporation during 24 hours
is close to zero due to to the lack of moisture in the soil,

The difference in the pattern of the annual and diurnel march of balence
components is, in this case, associated with the relative length of the
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period with negetive values of radiation balance. In the diurnal march
this period 1s approximately 12 hours long, whereas, in the annual march, in
deserts of Middle Asie, negative velues of radiation balence are observed
only during a comparably short period - several winter months.

In lover latitudes, negative monthly values of rediation balance are non-
exlistent and therefore in tropical and subtropical latitudes & similarity
between the diurnel and ennual marches does not exist either.
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Figure 46

Diurnal variations of heat balance components
in semideserts during July.

Besides the comparatively scarce data on diurnal variations of the heat
belance components, vwhich were obtained by special methods of balance ob-
servations calculations of diurnsl variastions of heat balance components
were recently started from data of network observations on basic meteoro-
logical elements. The use of the calculation methods for determining
changes in the balance components during their dirunal merch has consider-
ably widened the possibility for studying the climatological principles of
the heat balance componengs,.

In a paper by L.A. Birilkove (1955 EZ_L]) many conclusions were derived
concerning the pattern of diurnmel variatlons observed under various climatic
conditions, on the basis of a vast mmount of calculated diurnal variations
of heat balence components for various climatic zones of the USSR. From
this data of L.A. Bir{lkova it can be concluded that, in the forest zone of
moderste latitudes, in summer, the radiation balance is positive during the
lerger portion of the 24 hour perlod {1%-15 hours); in winter, the radiation
balance can be negative during the whole 24 hour period, which 1s effected
by the low altitudes of the sun during daylight hours.

In the forest zone, the greatest amount of heat spent for evaporation 1s
usually observed in the aftermoon, whereas, the maximum of the turbulent
oheat emission is often observed esrlier in the day.
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In more southern regions of the steppe zone, the maximum of radiation
balance, during its diurnel merch in summer, is somewhat greater than the
maximum of the forest zone, and the length of the period with positive
radiation balance 1s correspondingly smaller.

The transition of rediation balance values through the zero value occurs
at higher altitudes of the sun in the steppe, as compared with the fox_'est.
zone, which can be explained by the greater effective outgoing radiation in
southern latitudes during the summer.

In winter, in some reglons of the steppe zone, radiation balance during
daylight hours can still be positive (as high es 4-6 hours per day).

Further south, in areas of the desert zone in summer, noontime maxima of
total radiation are typically very high. At the seme time, corresponding
mexima of radietion balence are comparatively lower (becsuse of very large
values of effective outgoing radiation) and usually do not exceed the maxi-
mum in the steppe.

In the deserts of Middle Asia the radiation balance near noon is, as a
rule, positive during the entire year.

The transition of radiation balance through zero values, in the desert
zone, 1s observed at higher altitudes of the sun, as compared with the
steppe and forest zone.

In conclusion, we note that the diurnal march of heat balance components
in the vast area of water surfaces is, at present not very well known due to
the absence of any detailed and relisble observations, Available data are
limited and only permit a conclusion that, in the warm season, the diurnal
march of heat balance components in moderate latitudes, on the ocean,is
often similar to their annual march. Accordingly, it might be assumed that,
between diurnal veriations of heat balance components at the same latitudes
on land and oceans, a substantial difference must exist.
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Chapter IV

Heat balance and the energy factors of physicogeographical
processes

Notwithstanding the fact that the role of solar energy transformation
in the dynemics of all physicogeographical processes occurring in the
atmospbere, hydrosphere, and upper layers of the lithosphere, is well known,
conerete forms of the relationship between solar energy transformation and
the intensity of natural processes have been studied comparatively little.
The very fruitful investigations hy A.A. Grigor‘'ev present an exception.

In these investigations he created a conception determining the significance
of the heat and moisture balance for the formation of the physicogeograph-
ical medium,

A.A, Grigor'ev has indicated many times that natural processes in the
external geographical ephere, including climatological, hydrologicel, pedo-
logical, exogenous geomorphological and biological processes, are closely
interrelated with each other, Thie close association is determined to e
great extent by the continuous exchbange of some substancea {water, nitrogen s
carbon dioxide, etc.) between the atmosphere, hydrosphere, soil and living
matter.

The total emount of all categories of organic and mineral substances in
the outer geographical sphere, taken as a whole, changes along with the
energy amount, only slowly in time and, for periods on the order of decades
can be practically considered as & constant value.

This relatively small variability of substence quantities in the outer
geographical sphere is connected with an insignificent (as compared with
the available amount) intensity of metter exchange between the geographical
sphere on one hand, and the deeper layers of the lithosphere and extra-
atmospheric space on the other. In constrast to this, the reserve of energy
in the outer geographical sphere is kept approximately at the same level in
the presence of an intense exchange of emergy with the extraatmospheric
space, in which the gain of absorbed solar radiation is equal to the ex-
penditure of heat emergy for outgoing rediation from the earth,

This approximate constency of very slowly changing reserves of various
matter end energy categories in the outer geographical sphere as e whole, is
associated with substantial end relatively rapid changes of these reserves
in some localities. These changes have partly a periodical character (24
hours, annual period) and partly an aperiodic one.

The dynemice of change in reserves of metter and energy in the outer
geographical spbere ia, sccording to A.A, Grigor'ev, to a certain extent,
determined by climatic enmergy resources; i.e,, by conditions of solar
radiation gain and by its consecutive transformation into heat exchange
processes, changes of water phases, etc.

As hae already been indicated, from the total amount of solar emergy
that is received by the earth, the major portlon is absorbed on its surface.
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Because of this the earth's surface is the main source of energy for the
outer geographical sphere.

Insofar as the interaction of the majority of natural processes in the
outer geographical sphere reaches its greatest intemsity in the proximity
of the earth's surface (where the river runoff is formed, the process of
soil formation developed, and the main bulk of organic living matter 1s
concentrated, ete.), it is obvious that, en accounting of solsT energy
transformations on the surface is of special significance for expleining
the mechanism of the igteraction and interdependence of the complexity of all
the "outer™ natural processes.

In some preceding investigations the author, developing ideas of AN,
Grigor'ev, has put forth the guestion about the possibility of using data
on heat energy balance of the earth's surface for studying physicogeo-
graphical relationships by a deductive method, besed on general physical
laws., Such e direction of research crestes, in my opinlon, new possibil-
lities in studying general geographical laws.

Going over to an outline of investigation results of the effect of heat
and energy balance on the intensity of physicogeogresphical processes, we
will first examine the problem of the relationship between the hydrological
regime of land and climatic energy factors.

§ 10. The relationship between heat and water bslance on land

The mein characteristiec of the hydrological regime of land, as is well
known, is the norm of runoff - quantity of water, in the form of various
horizontal water streams, that runs off, on the average during a year, from
a land surface unit. An important index of hydrological conditions is the
coefficient of runoff - relation of the runoff norm to the annual amount of
precipitation,

Since the formation of annual runoff depends to & large extent on the
process of evaporation, which is also related to one of the main processes
of solar energy trsnsformation on the earth's surface, it is obvious that
the norm of runoff end the runoff ccefficient is in & certain way associated
with the principal components of heat halance.

A study of this relationship must facilitate the clarification of ecaus-
ative regularities which determine the hydrologicsl regime features of
various geographical zones.

The relationship between the components of heat and weter balence on
land was established on the basis of the following works:  Budyko (1948a,
1948b, 19502 /39, 40 & L37).

It is obvious that mean sums of evaporation from land surfaces depend
on the emounts of precipitation end gain of solar energy. With increasing
precipitation and radiation hest, eveporation also increases.

When the soll is very dry, all water that fslls in the form of precipi-
tation is retsined by molecular forces on particles of soil and eventually
is used up by evaporastion. Under these conditions (which are Primarily
observed in deserts) the runoff coefficient approaches zero.

Considering the fact that the average dryness of soil increases with
increasing radlation heat gein and with decreasing precipitation, it

1
can be concluded that:
i £ R
L g or F-1 at -—oo. (100)
With decreasing L% the value of —f~ will decrease {some runoff arises).

With some sufficiently large amounts of precipitmtion end a sufficiently
small gain of radiation heat a condition of permanent excessive molsture
will be created in the upper soil layer. In this case the greatest possi-
ble amount of heat energy will be spent for evaporation from available
resources. The amount of meximum expenditure could be evaluated by taking
into account ventiletion properties of turbulent heat exchange between the
underlying surface and the atmosphere. ~

In the investigation done by the author end by M.I. IUdin (1948 /Bl7)
end in other works it was noted that turbulent heat conductivity of the
atmosphere 's lower ldyer depends substantially on the direction of the
vertical turbulent heat stream. In cases when the turbulent stream is
directed from the earth to the atmosphere a comparatively high intensity
of turbulent mixing can create very large velues of this stream, which
are quite comparable to the principel components of radiation and heat
balance, With the turbulent stream of an opposite direction, inversional
distribution of temperature congiderably reduces the intensity of exchange
and the turbulent heat stream is rendered relatively small,

The influence of the ventilation effect on turbulent heat exchange is
clearly seen from graphs of the annual and diurnal march.of the turbulent
heat streem which are given in § 9. Durlng winter, in moderate latitudes,
due to prevelent temperature inversions, turbulent heat exchange is small
as compared with surmer maximum values which are brought about by the
superadiasbatic temperature distribution during daylight hours in the air
layer near the ground.

A similar pattern 1s noted in the diuvrmal variations when we compare
values of turbulent heat stream at night with those of daylight hours,

As a result of the ventilation effect annual sums of turbulent heat
exchenge are positive, i.e., the aversge turbulent heat stream is directed
from)the earth to the atmosphere in almost all climatic zones on land (see
§ 8).

Concluding thet annual sums of turbulent heat exchange cannot provide e
substantial gein of heat for the underlying surface, it must be understood
that expenditure of heat for eveporation is compensated only by radiation
balence, and therefore, the upper limit of incresse of values LE equals R.
In other werds, it can be assumed for excessive moisture conditioms thats

LE—R et £—0. (101

I EH

Formulas (100) and (101) determine the relationship between % and
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Lo (f:) (102)

for: R R
i —0 & o

(vwhere ® —1is some function).

It should be indicated that long ago, while analyzing date on precipi-
tation and runoff, Schreiber, (1904) and B.M. Ol'dekop (1911 [T60/) found a
definite relationship between the water balance compenents, which wss ex-
pressed in the following formulas:

£=rli - 5‘) (103)

(the equation given by Schreiber snd improved by Ol'dekop, where £, 3is the
greatest possible amount of evaporation under given conditions; &-— the
basis of the natural logarithms) and:

E=E,t —é; (104)

(the Ol'dekop’s equation where th —.(tanh}- is the function of the hyperbolic
tangent).
It is easy to prove that equations(103) and (10%) will suffice formulas
{100} and (101), if under the considerations offered we assume that E,.—-ﬂ.
T

It must be remembered, however, that the amount of possible evaporation
in the given region will be determined by the radiation balance, which cor-
responds to conditions of sufficient woistening.

As dats of observations and calculetions show, the radiation balance of
the active surface depends on conditions of moistening. The reasons for
this dependence will be deacribed in detail later, but now we will only
take up the principal points. In the majority of geographical regions with
a more or less moist climate (up to the steppe zome, except for drought
periods) the albedo of the surface chenges only slightly under changing
conditions of moistening. This permits a use of evaporation calculations,
and an application of observed values of the active surface's albedo; how-
ever, in computing effective outgoing radiation the fact that the tempera~
ture of the active surface does not differ from air teamperature (as it is
usually observed in regions with abundant precipitation} should be taken
into account. Since average differences in the surface and air temperature
aTe comparatively smell, in regions with sufficient moisture, it was often
possible to approximetely determine the amount of evaporability from radia-
tion balence computed for actual conditions of the active surface.

It is quite different in dry climates, where the albedo and temperature
of the active surface change considerably with moistening and under suf-
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ficient moistening the surface temperature approaches the air temperature.
It is obvious that, for determining evaporability in this case, it is proper
to use the amount of radiation balance found for the albedo of a moist sur-
face, and take air temperature into account when calculating the effective
outgoing radiation. ’

The calculation of radiation balance under such conditions is not dif-
ficult end cen be easily accomplished by using the method described in § 3.

For verification of the above considerations about the chesracter of the

dependence of ratio g on Lﬂ with small and great values of the latter
r

parameter, diversified factual data were used in the preceding works.

R £
As an exsmple we will compare the values of 77 with those of <+ taken
from the summary given by Wundt (193’7) for river basins of various conti
nents(except mountein regions).
In fig. 47, the dependence of £ on z"?_ for small values of Lﬁ , in
r r r
accordance with forsula (101), is presented by a straight line #4 and for

great values of LR—( , in sccordance with formula (100) = by line AB. .
£

The dots show average values of the ratio - which were obtained from data

on water balance by averaging the values of ,é for certain intervals of the
parameter é ; The experimental dots show that, in reality there is a

£
smooth transition in the ratio of - and “S—‘ from the OA regularity to the

AB, regulerity which, as was assumed above, are of a limited nature.

The good agreement obtained here is of special significance because of
diversified physicogeographical conditions covered by the utilized experi-
mental results,

In order to present formls (102) in an analytical form, the following
formulas similar to those of (103) and (104) can be used:

E=r(1 —e—%) (105)

_ R4 kr
e=fuwi, {106)

or, the geometrical mean of these relationships can be used:

Rr, Lri R R
Tm-k-;g-»cuﬂ.;_shﬂ) 107y

(ch and sh - ave hyperbolic functions of thecosine and sine ). This form-
la suits the majority of experimental data better thap the first two.
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Dependence of the evaporation and precipitation
ratio on the radiational index of drymess.

Equationa (105) - (107) establish the dependence of the mean annual
evaporation on precipitetion and radiation balance.

Since the norm of runoff equals the difference between precipitation
and evaporation, it is obvious that by using these formulas the runoff can
also be determined from date on precipitation and radlation balance,

- Equetions for runoff and runoff coefficient corresponding to formula
(107) will take this form:

S —
f=r=VEuli—afsal 108)
and ’ S —
S R, Lr R
T=1_V7mT(1—ch?+sh =) (109)

Formulas (108) end (109), which establish the relationship between the
components of heat end water balance, have been verified in many investiga-
tions; particularly in the author's work (1951b [E67) for such quantitative
verification date on weter balance of European rivers were used, as pre-
sented by Wundt in the above mentioned summary, From this summary date
were taken for comparatively large basins (with a surface larger than 10,
000 kma) where the effect of local factors on runoff must be small, In the
table of Wundt, dats are given on the average amount of precipitation and
runoff for 29 rivers of Europe with basins of sufficiently large dimensions
The coefficients of runoff for these rivers vary from 0.64 (Iio) to 0.13
(The Southern Bug River), which is the result of very diversified physico-
geographical conditions.

The comparison of runoff coefficients, calculated by formula (109) _':.,

with date given by Wundt ({)315 presented in fig.i8.The distribution of dots
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on this graph shows & very good agreement between values of the runoff
coefficient that were obtained from hydrometeorological observations and
those derived by theoretical methods.

The mesn dlscrepancy between absolute values of calculated and measured
coeff%cients of runoff equals 0,0%; the mean relative error of the cal-
culaetions (mean ratio of absolute discrepancies to corresponding measured
values) was 13%, It would be interesting to compare this value with the
mean relative calculation error of the runoff coefficient from these data,
by means of Wundt's empirical nomogram, It should be noted thet this
nomogram, which gives values of runoff dependent upon annual. sums of pre-
cipitetion and mean annual alr temperetures, is based on data that were
included in Wundt's swmary; in this nomogram all of those data which were
used for verification in the cese examined were taken into account.

£
£
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Figure 48

Comparison of calculated and measured velues
of the runoff coefficient.

From Wundt's calculations it is not difficult to see that hls nomogrem
gives a mean error in determining the runoff for the 29 named rivers as
being 22%. .

Compering relative errors in calculations of runoff from the " re-
lation equetion" and from Wundt's nomogram, it must be kept in.miud that
best results in calculation of runoff from the "relation equation" were
obtained: .

(a) by using the theoretical formule thet had no uncertain coefficients,
and was derived and substantiated without e direct use of hydro-
meteorologicel observational data; i

(b} by using two parameters in the calculations, one of which coincides
with the perameter accepted by Wundt (precipitation), end the other
(radiation balance), ss distinct from the second perameter of Wundt
(temperature), vas only given as & mean latitudinal distribution

for the whole continent.
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Considering these circumstances it must be acknowledged that the "re-
lation equation” provides for a greater effectiveness in determining the
norm of runoff as compered with the empirical method of Wundt.

The comparatively great errors in runoff calculations by Wundt's method,
for those basins whose data were used in constructing the calculetion dia-
gram, can be explained to & great extent by the improper application of the
meen annual eir temperature as a parameter which characterizes thermal con-
ditions of evaporation. We will not go into deteils on the problem con-
cerning the principel possibility of using data on air temperature for
evaluating thermal conditions of physicogeographical processes on the sur-
face (this question will be examined in more detail later); we will note
only that, in moderate latitudes, the severity of winter does not affect
the annual amounts-of runoff to any considerable degree, however, the mean
snnual temperatures depend largely on this factor. Concerning this, at
places of equal mean anoual temperatures in maripe and continental climates
thermel conditions of evaporation will be entirely different; this cannot !
be accounted for by Wundt's nomogram or by other similar relationships.

Referring to the analysis of results for the sbove mentioned calculation
of runoff for 29 basins of European rivers by the "relation equation," it
mist be noted that the mean relative error of this calculation is dei,:er-
mined to & great extent by comparatively great relative errors in the cslcu-
i;;ion of runoff for some rivers with small coefficients (and norm) of run-

For 20 vasins, whose runoff ccefficient is equal to or more than 0.30
the mean relative error of calculation by the formile decreases to Tﬁ. ’

This relative error value approaches the mean error of measurement; for
precipitation end runoff. Hence, it can be concluded that, for great basins
with not very small coefficlents of runoff, the discrepanc;' between the
mean climatic and hydrologic runoff, if it exists, is found in 1limits of
few per cent, and generally it cannot be discovered with the presentl;
existing rate of accuracy in determining precipitation and runoff v

The comparatively great relative errors in determining runoff ;oeffi-
cinets for besins with small runoff are partly explained in this case b
the gonsiderable influence of small absolute errors. At the same time yin
examining fig. 48, 1t can be noted that errors of calculation are not ,uit

acc;::nt.al under circumstances of small runoff coefficients o e

existence of a systematic discrepency betwe 1

observe}d runoff coefficients in this erea oi" the g?:p;hea;;i;:nl:?di:;i

cates some inaccuracy in the interpoletion function th;t was usedyfor t;

derivation nf equation (102): for the comparetively large value of R ©
f e

the values of 7+ proved to be somewhat e erated

2; due to the schematic way of selecting ﬁgginterpc.;laililzﬁ xn:g::’ ::i‘:h

nat:g\:lrse no principal importance, and, if necessary, could be el’.imi-

It should be noted that in determining evaporat "
equation,” the relative accuracy of the galcu{etio::nvglt:: h;ehlation

with small coefficients of runoff, since in this case the errorgi e:en
interpolation function only slightly affects the results n the

17

Later, the "relation equation" was verified by use of Soviet Union data
by P.S. Kuzin (1950 /1437 who also obtained positive results, Congidering
this, it should be noted that, in the paper by N.A. Bagrov (1953 /167), hls
statement 1s not quite correct when he indicates the existence of consider-
able errors in the evaporation calculations by the "relation eguation™ for
the extreme northern part of the USSR. Kuzin, whom Bagrov refers to in this
case, assumed that the discrepancy between the eveporation caleulations by
the "relation equation" and water balance for this condition, is besically
associated with errors in accounting for solid precipitation, and proves the
insufficient accuracy of the water balancé method. This interesting ques-
tion peeds further investigetion with the use of snow survey data and utili-
zation of recent data on evaporationm.

From other critical remerks concerning methods for calculating components
of water balsnce by the "relation equation,” it is worthwhile to mention
the reasons given by D.L. Sokolovskil, In his well kuown textbook (1952
[_Ellﬂ), a supposition is presented that the wrelation equation" is good
priﬁerily for practical calculations of evaporation, whereas calculetions
of runoff would be of & low accuracy. In view of the sbove data on verifi-
cation of the “relation equstion, » it cen be ascumed that this remark is
valid for cases with small runoff coefficients when the errors of calcule-
tion, though small by sbsolute value, could still be of a gmt?t relative
value. However, for ceses with medium end large runoff coefficlents the
relative amccuracy of runoff calculations by using the “relation equation”
will be quite comparable to the accuracy of evaporetion calculations.

Such e conclusion is confirmed by the results obtained by L.I., Zubenok
(see k&), who verified the "relation equation" by utilizing all available
data on the hydrological regime of various continents.

Tt is interesting to pote thet the "relation equation™" can be utilized
not only for calculations of water balance components_from the heat ‘balance
(s it was done in papers by P.S. Kuzin, 1950, 1953 /143 & 1447, and others),
put also for calculating rediation balance on land from date on water bal-
ance. Such an indirect method for calculating radiation balance, used by
Zubenok (19492 /1057), bas permitted the construction of radiation balence
maps, which are very similer to those constructed by the usual Eet,hods.
This agreement once more proves the sufficlent accuracy of the "relation
equation” which shows the relation between components of heat balance and

er balance.
tho}::c:it:;tszm: ttforts bave been made to genera.}ize the "relation enua-
tion" in order to estimate the effect of some additional factors on evap-
oration and runoff. In investigations by X.A. Bagrov (1953, 195ka /I6 &
177), there is & suggestion to modify the form of the function & mtgqua-
tIon (102) for evaluating the effect of additional factors on evapore ion.
Bagrov assumed that psrameter 7, which determines the form of the indi-
cated relationship is noharacteristic of the zonal-landscape conditions
which involve many factors, such as: generel conditions of downflow, water-

i v (1953 /16). This idea on
f soil, agricultursl measures, ete." ( E
gll;zofl:i:zdoofs:stimimg the effect of indicated factors on ?Vap(_)rﬂtion is
generally correct, hovever, concrete calculations performed in his work
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raise a rather substantisl doubt.

It was established in investigations of E.M. Ol'dekop (1911 /1-897) that,
the effect of all factors on mesn annual evaporation from sufficiently
large basing, except that of precipitation and evapaorsbility, is compara-
tively small, This has been also acknowledged by N.A. Bagrov. He noted
that fectors which are sccounted for by variations of parameter 7 "play
a comparstively secondary role" (1953 /167). Under these conditions the
establishment of & true relation between parameter 7 and the factors under
investigetion requires a very high accuracy in determining basic hydro-
meteorological indices: precipitation, runoff and evaporability.

The evaluation of the effect of possible errors, in determining these
values, on evaporation calculations shows the extreme difficulty involved
in the quantitetive study of the dependence of eveporation on additional
fectors, when based on the comparison of evaporation calculatiaons from the
water balance and those made by the "relation equation." This fact, at
the present,limits the gractieal importance of the theoretically interesting
suggestions by Bagrov 1),

The "relation equation" presents 2 general form of the dependence of
runoff on evaporation, annuel sums of precipitation and radietion balance.
The corresponding relationships are presented in graphe 49 and 50. These
regularities explain many of the empirical relationships between runoff
and precipitation, which have been established in earlier hydrologicel
investigations.

Using the “relatlon equation" we can construct a graph which will show
the dependence of runoff on precipitation for various meen vaelues of radi-
ation balance.

Such & theoretical dependence, calculated for average conditions of the
Eurcpean plain is presented in fig. 51 by curve A..

Also given for comparison are:

1) B (e straight 1line) based on the empirical equation by Keller (1906),
which relates the norm of runoff and precipitation according to observa-
tional date on the rivers of western Europe, v

2) C the empirical curve by D.L. Sokolovskii (Sokolovskif, 1936 /5137),
showa the relation between runoff and precipitation according to “observa-~
tional data pertsining to river basins of eastern Europe.

An accurate agreement between theoretical and empirical relationships
1s again, in this case, a confirmation of the "relation eguation's" correct-
ness,

On the basis of the “"relation equation" it is also possible to explain
the considerable scatterlng of tke dependencies of runoff on precipitation
date from verious regions, which is shown in derivation of mean empirical
relationships (B.P. Polimkov, 1946 /187/). A considerable variability of
radiation balance in moderate latitudes results is due to the fact that rune
off from basins with & large balance (i.e., in more southern regions) is

1) The scheme of N.A. ov was also recently discussed in the_ paper of
V.S, Mezenfiev (1955 [_T69 ) in which some improvements on methods for cal-
culeting evaporation from land surfaces are suggested.

Relationship of
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Figure 49

runoff with precipitation and radiation balsnce.
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Figure 50

Relationship of evaporstion with precipitation and radiastion

balance.
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_considerably smaller than from besins with a smaller balance (@re xt]:rthern
regions), under equal amounts of precipitation. At the same time, the
speed of changes in runoff varies with increasing precipitation (%\ .

According to the "relation equation,” it should be greater in northern

basins than in southern ones.
This relationship is well confirmed by factual dsta.

em/year

Run-off
S

8 1§ 20 30 40 50 60 7 80 30 163 19 120130 148 150 160 170 cm/year
Precipitation

Figure 51

Relationship of runoff and precipitation,

Among other possible applications of the "relstion equation” in the
investigation of the runoff reletion with climatic power factors, the
question of runoff changes in mountein regions should be considered. As it
is well known, in mountains, up to greet elevations, en increase in runoff
is ususlly observed with increesing heights, which is associsted with a
simultaneous increase in precipitation.

In fig. 52 data on veriations of runoff and precipitation with height
are presented for the river Aar, up to 2km (M.I. L'vovich, 1945 /I62]) end
dsta on runoff and precipitation for 5 classes of the dissected terrain in
the basin of the river Tissa (B.V. Poliakov, 1946 L1817).

Considering that for lower elevations the value of radiation balance
changes only $lightly with beight {in this case, some increase in radistion
and effective outgoing resdietion oceurs, which compensate each other), snd
considering the given date on precipitation, the corresponding values of
runoff could be calculated by using the “"reletion equetion”. Results of
these calculetions are presented in fig. 52 by line (3), which coincides
very well with *he given data of measured runoff (2},

Thus, it must be concluded that for mountain basins of the rivers Asr
(up to 2km) and Tisse, the observed varistions of the runoff sums and co-
efficient of runoff are completely explained by the incremse in precipi-
tation, i.e., by climatic factors. A direct effect of the orography on
runoff is, in this case, almost imperceptible.

ey
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Figure 52

The changes of runoff with height a)-Aar River, b)-Tissa River
1- precipitation, 2- measured runoff, 3- calculated runoff.

This conclusion, sound as it apparently is, is not of a universal nature
for many mountainous basins. It does not work in high mountaih basins, and
also in basins with very rapid changec of the underlying surface with in-
creased heights {a direct effect of orographic conditions on runoff could
be determined, for Instence, from data on_the rivers of the North Caucasus,
which sre given by L.K. Davydov, 1947 /897, and others).

A good sgreement between results obtained by calculsting runoff with
the "relation equation™ of heat and water balances and verious factual dats,
confirm the great and determining effect of climatic factors Sin particuler
heat energy factors) on the formation of annual runoff sums 2

The estimation of the effect of radiation balance op components of water
talance not only permits clarification of some genetic regularities in the
formation of the hydrologicel regime on land, bw also opens new possibili-
ties in solving some practicel problems which are associated with the
necessity of calculating emounts of evaporation and runoff.

In §11 the "relation equation” is used in clarifying some causal
principles which determine the phenomenon of geographical zonality,

2) It is necessary to emphasize bere that this conclusion pertains only
to river bagins of considerable dimensions, which cen be compared with the
gcale of geographical zones. In small plots, river runoff can change in
wide limits under the influence of locel conditions of a nonclimatic
nature.
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§ 11. Heet belance and geographical zonality

The climatic indices of geographical zonmality.

One of the maln problems in physicel geography is the explanation of the
geographical zonality phenomenon, which was discovered at the begioning of
the 20th century by the outstending soil sclentist V.V. Dokucheev (1900
and others).

In investigations by V.V. Dokuchsev it wes established that the dis-
tribution of geographical zones is determined, to a considerable degree,
by climatic factors and particularly depends substantially on climatic
conditions of moistening. In his papers, the interrelationship between
precipitation and possible evaporstion was established for the principal
geographical zones. The investigations of Dokuchsev stimuleted numerous
works that were devoted to the study of relations existing between the
distribution of soil and vegetation on one hand, and the relationship of
precipitation to possible evaporation {or their indirect charscteristics)
on the other.

ong investigetions in this direction the investigation by G.N. Vysot-
skil (1905 /T17) should be mentionmed. In this work, the relstionship of
annual emounts of precipitation and evaporasbility (which wes considered as
being equal to evaporation measured by vater eveporimeters) was computed.
The values obtained were used by Vysotskii in en enalysis of conditions of
soll types formation and development of vegetation in verious netural zones.

In the paper by Trensesu {1305), for the purpose of studying climatic
factors of forests distribution, a map is given showing the relationships
of precipitation to evaporation from water evaporimeters in North America.

Somewhat later Penk (1910) suggested e climatic classification in which
climates were divided into three groups: climates with precipitation ex-
ceeding evaporation, with precipitetion equel to evaporation end precipi-
tation lems than evaporation.

In subsequent investigations the majority of amuthors, who were studying
climtic conditions of moistening on the basls of calculated relationships
of precipitation and possible evaporation {evaporsbility), rejected deta
obtained by water evaporimeters, in determining evaporability.

The reason for this was, on one hand, an insufficient quentity of such
data for many regions, end on the other hend, the difficulty in physically
interpreting the readings of evaporimeters used by the network of meteor-
ological stations (eventually use of water evmporimeters at meteorological
stations wes rejected end, particularly at stations in the network of the
Soviet Union, the Wild evaporimeter was removed).

The majority of consequent investigations concerning moistening con-
ditions on lend cen be divided into three groups by their indices, which
were used for determining evaporability. Those groups are: 1) where data
of saturation and deficit are used, 2) data on air temperature are used
end 3) dete on redistion balence are used. ’

An extensive use of saturation deficit date was made, for the first
time, in studying moistening conditions in the paper by E.M. Ol 'dekop
{1911 11827) y which has already been mentioned meay times ebove.
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For determining evaporation from the surfece of river basins Ql'dekop sug-
gested a formula (' cited in §10) in which the index of climetic conditions
of moistening is = the ratio between precipitation and evaporabllity
{the possible evaporation). For determining the value of evaporability,
Ol'dekop used the formulaf, = adwhere E,— evaporability, .- saturation
deficit, g coefficient of proportionality. The value of coéfficient @
according to Ol'dekop is equal, for the warmer half of the year, to 22.7
( saturation deficit was here determined in mm and eveporability in m/mnth)
and for the colder half of the year it was 16. Consequently the mean annual
value of this coefficient is 19.3.

Using this value we arrive at a conclusion that the mean annual value of

the relationship EL is equal to
tion deficit. 0

The formula suggested by Ol'dekop for determining eveporabllity is not
anything new - many suthors used it earlier for determining evaporation
from the surface of -water reservoirs. However, Ol'dekop apparently was the
first who applied dstes on smturation deficit to calculate evaporability and
the relstionship between evaporability snd precipitstion.

Ol'dekop was also the first to make an attempt at a physicomathematical
analysis of the dependence of hydrometeorological regime indices - evapo-
retion and runoff - upon the relationship of evaporability and precipite-
tion.

Later,the formla .Esadwes used in investigations by P.S. Kuzin in cal-
culations of eveporation from land surface in molst climates (for pertinent
regions 1t was consequently assumed that evaporation was baalcally deter-
mined by evaporability). The values of coefficient 2 were obtained by
Kuzin ss being approximstely 14 (1934 /I407) end 15 {1938 /T417) ( in the
pame dimensions).

In 1926 Meyer used, as characteristics of the moistening condition, the
relationship of the ansual precipitation sum end mean snnuel saturation
deficit. This value, eventually named tbe NS- coefficient, wes largely
used later by meny foreign suthors in investigating relations between the
distribution of various types of soil and vegetation, and climatic condi-
tions. Apperently, the NS- coefficlent is proportional to the index sug-
gested by Ol'dekop and 1s larger then the value of this index by 232 times.

In 1931 Prescott found that the Meyer ipdex divided by 230, coincides
with the reletionship value of precipitstion to evaporation from the water
surface. However, Prescott made no reference to the earlier investigation
by Ol'dekop. _

Y Later oi, in papers by N.N. Ivenov (1941, 1948 /T12 & 1137) the follow-
ing formula for determining evaporability was suggested:

————23’“, vhere ¢ — 1s the mean annual satura-

E,=0,0018 (8 + 25 (1 - ) mm/month

where §_ the mesn monthly air tewperature, j— mean monthly relative
bumidity. Since the value of (0-}-257 is spproximately proportional to
saturated vapor pressure within the interval of temperatures which are
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usually observed accompanying more or less intensive evaporation, this
formula practically coincides with: E w=ad
== ad.

Coefficlent a is here equal to 18.4 (this wes noted by A.M. Alpat'ev,
1950 /117, and lster acknowledged by N.N. Ivanov, 1954 E{l_t]), i.e., close
to the Mesn value obtained by Ol'dekop. The ennual value of the moistening
index was, according to Ivanov, equal to -7 .

21d

In the cited papers Ivanov performed calculations of the precipitation
relationship to eveporation for meny statlons.

Obviously, the method of calculating the molstening index used by Ivanov
did not Introduce anything new when compared with earlier accomplished
wvorks, since the index of moistening presented by him is numericelly closer
to the index developed by 0l'dekop, and is proportional to the NS- coeffi
cient by Meyer (221 times smaller then this).

However, insofer as N.N. Ivanov did not mentlon the investigation by
V.V, Dokuchasev, G.N. Vysotskii, E.M. Ol'dekop, Meyer,and others in his in-
troductory survey, we find an erroneous opinion expressed in literasture,
even up to these days that, the "index of molstening" concept belongs to
N.N Ivanov end that his index differs substantially from other indices of
moistening that were suggested earlier.

We will not cite many of the other investigations, in vwhich the relstion-
ship of precipitation and saturation defieit (or precipitetion and a value
proportional to saturation deficit) was used as & characteristic of mois~
tening conditions, but one importent thing should be mentioned.

The single reason for the assumption that evaporation is proportional
to seturation deficit, was the conception concerning evaporation from water
surfaces as being proportionsl to saturation deficit. This conception,
which was very popular in hydrology some decades ago, was later disproved.
There are many theoreticel investigations and experimental projects of
this problem available. The experimental projects established that evapo-
ration from limited water reservoirs is determined by the formula:

Ey=ad",

where ... is a value less than one, The value of parameter 2 has been
found by various suthors: by 0.S. Poznyshev (1937 /IBEL)‘ - 0.5; V.N.
Moktiax (Ogtevskii, 1937 /T787) - 0.7; V.X. Dabydov (1544 /BET} - 0.8; B.D.
Zaikov (1949 /1027) - 0.78; end others. The reason why evaporation from
water reservolrs is not proportional to saturation defieit is explained in
these investigations.

We note here the Interesting fact that in the latest paper by Prescott
1949 (vho esrlier used, rather extensively, the NS- coefficients for !
analysis of moistening conditions, 1931, 1934), in order to achleve a
better sgreement between isolines of moistening index velues with border-
linee of so0il type zones, a suggestion is made to use the saturation de-
ficit value with e power factor of 0.7 in the denominator of the value of
the NS- coefficient, This statement indirectly reflects the fact, well
known by now, that the evaporation value from the water surfa 5

: ce usuall;
increases considerably slower than the saturation deficit. v
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The concurrence of the isolines of relationship for precipitation and
saturation deficit with boundaries of the vegetation or soil type zones
was investigated in great detail for the NS.-coefficient, The mjoritl of
investigations on this problem (by Jenny, 1941, V.P. Volobuev, 1953 /707
and others) proved that the distribution of the NS- coefficient only shovs
en approximate coincidence with bounderies of the natural zomes, and in
many cases it is interrupted. From all that has been said above it is
obvious that, this conclusion also perteins to 01'dekop's index (and also
to the index used by Ivanov) insofar as they ere proportiomal to the NS-
coefficient.

Thus, the problem concerning theoretieal and empirical substantiation
of the feasibility to apply the relationship between precipitetion and
saturation deficit as an indicetlion of moistening conditiocns, is not quite
clear In the light of recent investigations.

The second group of investigations on eclimatological indices of mois-
tening is based on an applicatinn of the evaporation characteristics de-
rived from data on gir temperature.

Among these investigations we will mention the papers by Lang (1920),

and Martonn (1926}, who suggested the indices % and =Ty as characteris-

tics of moistening,vhere § — is the mean annusl temperature. From the
climatologicel point of view it is very obvious that these indices are not
satisfactory. It is well known that the mesen ennusl temperasture is often
very much dependent on thermal conditions during the cold season of the
year, which generally have little effect on the formation of physicogeo-
graphical zones.

Some samples are given here which will clarify this statement. The
majority of the authors assume that rational indices of moistening must
be of a more or less constant value on boundaries of certain geographical
zones. -

According to calculations made by G.S. ZHegnevskaia (1954 /997), on the
boundary of wooded steppe and steppe, Lang's index changes from 50-100, in
European Russia, to imdefinitely great values,and ‘then to negative values
in Siberia. In North Amecrica the value of Lang's index on the same bound-
ary, from north to south, noticeably diminishes from 100 to 4O,

Martonn's index is not so chengeable, but still variles in rether wide
limits - from 25-30 on the boundary between wooded steppe and steppe in
Eurcpesn Russia, to 40 end more on the same boundary.in Siberia. These
changes in Lang's and Martonn's indices indicate their incomparability
with actual conditions of moistening. 3

Much more interesting, in comparison to Lang's and Martonn's indices,

3} Similer considera{:ious could be referred toithe'calculatiou m?thod of
moistening conditions used in the well ¥nown climatic classification by
X8ppen (1931 end others). The use of meen guuual temperatures as an index
of evaporation is, of course, 8 grest deficiency of this classification,
which in many other respects is very valuable.
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are the indices in which thermal cheracteristics of t{ae growing Seaso:hizl;
utilized. Such indices were developed in many investxg,ation:),u :':‘;ngeserve
the studies of G.T. Selieninov (1930, 1937 /208 & 2097 and othe:
ial attention. -
BPEE;: characteristic of possible evaporatlon, G.T. Selia;linov iugg:::zi
a comparison of the sum of temperatures, with the smount ©: Pl‘ecnPb e .
The practical usefulness of this well known index hes been Prg‘;: ieit oz
merous agrometeorological researches. This hydrothermal coe: 1: O e
Selisninov has been used in many agroclimatic works. However, e eher
veen empirically tested on a wide range of geogrephical daz:l.l ; na.nd 2
band, this coefficient bad no detaileti tbizretizﬁtlbav:ﬁee er,
were ralsed concerning S ac B
‘som‘;hi:zegii?;:iances called for an additiorﬁlitstudy of the relationship
the sums of t rature and evaporab Y.
het;eh:nthix‘d group ofeﬁestigations on climatic conditions of moist:nins
for estimating the value of possible evaporation (evaporability) 1s base
n energy balance data.
o ;ii:::: of utﬁizing data of the rediation regime, in studying climatice
conditions of moistening in their relation to physicogeographical przces?:?
was suggested and substantiated by A.A Grigor'ev. In his works, Grigor
(1946, 1948 and others /Bl & 827) indicated that the relstionship ofdptei
cipitation and radiastion balance is of a determining nature for thedievet-
opment and intensity of basic physicogeographical processes. Accor nf 0
this stetement, Grigor'ev specified some laws governing the relationship
between radiation balance and precipitstion on one hand and general physico-
geogrephical conditions in various areas of the terrestrial globe on the
om;:x:ther developing the ides of A.A. Grigor‘ev,we will note the following
feature. The equations of heat and water balance on land can be written
in the following form for the year:

R_E P

=7t (110)
and £

1=Z 4L 1

(Terms of the beat balance equation are divided by Lr, and those of the
wvater balance by r ).

To these relationships we can sdd the "relation equation" between the
heat and water balance that wes derived in the preceding section.

Zeo(®).

These three equations tie up the four relationships of the terms of
heat apd wster balance. Consequently, in this case, only one of these
terms is an independent variable.

Teking the specific nature of the form of the ‘relation equation” into
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account, It should be concluded that, as a parameter which determines all
other values of the heat and water balance terms, the relstionships of R
Lr

and 'Lﬂr can be utilized (the ratios £ and i’ are of little practical use
r

in determining the first two values in dry climates when small changes in

E f R P

= or = correspond to very great changes in i and Lr)'

Since the turbulent flux of heast value 1s usually determined with less
accuracy than the radiation balance, it is obvious that it would be most
expedient to adopt the velue of R aa the basic parameter when determining

Lr

the relationship hetween terms of heat and water balance equations. R
This parameter can be considered es the relationship of evaporability ;-
and precipitetion, or as the relationship between radiation balance and
expenditure of heat for evaporation of the annual precipitation amount.
Thus, using this pasrameter, we are simultaneously taking into account
the ides of the moisture index suggested by Dokuchaev—Vysotski{ and the
postulate of A.A. Grigor'ev concerning the nature of the radiation balance
and precipitetion relationship as being indicative of moistening conditions.
When relative values of the heat snd water balance terms are determined

R .
by one parsmeter 7’ , then, absolute values of these terms are determined
hy two parameters, for instance Lﬂ and KA. This must he kept in mind in
2

subsequent analyses. R

The index of climatic moistening conditions 77° which can be called a
radistionsl index of dryness, must be calculated by using dats on radiation
balence, which corresponds to sufficient moistening conditions of the under-
lying surfece. This postulate, resulting from theoreticsl foundations of
the method for calculating evaporability from radiation balance, is closely
connected (as will be shown 1ster) with general principles of calculating
evaporability from meteorologicel parameters.

From verious date, which comprise the theoretical and empiricsl basis
of the suggested index of dryness, we will select the most important con-
clusions.

It is obvious that, from the general point of view, possible evaporetion
from the land surface depends on meny meteorological factors. The most
important of them are - solar energy balance, meoisture of the air and eir
tempersture. Therefore it can be concluded thet, every method of deter-
mining eveporability by only one of these elements will inevitably be &n
epproximation apd will include a more or less greater error. For a de-
teiled evaluation of the accuracy of all approximate methods, they must
be compared with a method which takes into account all of the basic factors
sffecting evaporation.

The general. method for calculating evaporability, which takes into
account the effect of radistion balance, humidity, air temperature and the
influence of turbulent exchange, wes suggested by the author (1951a /B57),
and was used for verifying the method of calculating evaporability by
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radiation balance. This verification was accomplished for two reglons in
European Russia and gave good results for snnual values and also for month-
1y velues of eveporability.

It 1s obvious that the method for calculating evaporability from radia-
tion balance must be tested in a similar way for all climatic zones of the
terrestrial globe (see page 169,1.e.page 165 of this translation).

Another important substantiation of the method for determining evapora-
bility from rediation balance is the derivation of the "relation equation"
and its verification ageinst various factual data (see §10).

Llately the radiation index of dryness r has been largely used in various

geographical investigations, including studies by A.A, Grigor'ev concerning
general problems of physicel geography (1951, 1954 /B3 & 84/), papers on
regional climatography (for instance, by Orlova, 1954 /1827), etc, In the
monograph by A.G. Isachenko (1953 [llz;) some critical remarks concerning
the method for calculating evaporability from radiation balence have been
given pointing out that the rasdiational index of dryness 'presents the

most concise and physically understood index of climatic moistening."
Isachenko has, et the same time, expressed & doubt concerning the use of
ennual sums of radiation balance in calculations of evaporation for the
yeer. This question is analyzed in more detail on pp. 177-178 (pp. 172-17h
of this translation).

Another remark by Isachenko concerns the difficulty in using the radia~
tion index of dryness for the evaluation of moistening conditions for indi-
vidual seasons. This remerk is justified, btut it must be equally referred
to all forms of the Dokuchaev-Vysotskil index, due to the paramount im-
portance of soll moisture redistribution for the regime of moistening dur-
ing single seasons in the majority of the climatic regions.

Moreover, Isachenko also assumed that rediation balance does not always
cover losses of heat for evaporation, and due to this the turbulent flux of
heat furnishes, in many regions, a portion of heat to be spent for evapora-
tion.

In view of results described in chapter III, we may mssume that the tur-
bulent flux of heat may have a large significance in furnishing ennual
amounts of heat spent for eveporation from land, in two cases ~ in abundent-
1y irrigeted oases of dry climates (the significance of the turbulent flux
of heat will be the greater, the smaller is the oasis itself), and in cli-
mates with e permanent or almost permanent snow cover,

Some features of the method for calculating evaporation from radiation
balance have lately been outlined in the article by N.N. Ivenov (1954 /Tlhn

However, it must be regretfully pointed out that, almost all eritical ~
remarks made by Ivanov were based on insufficient knovwledge of the contents
of the asnalyzed works.

Thus, for instance, & large part of the article is devoted to the snaly-
sis of the evaporability velues which he computed by using the radistion
balance method, end he calls it "the evaporability according to Budyko."
These data, however, have no relation to the method for calcdlﬁting evap-
orability that wes developed by the author. We heve repeatedly emphasized
(see Budyko, Drozdov and others, 1952 /756_7) that for determining
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the value of evaporability, those data on radiation balence vhich were com-
puted for a moist surface should be used.

Nevertheless, N.N. Ivanov calculated evaporability "according to Budyko™
from the radiation balance computed for the actual state of the surface,
i.e., from an index of balance which can diffar greatly from the belance
for a moist soil surface (the question of the moistening effect of the

active surface on radiation balance is described in detail in chapter v).

Therefore, Ivanov had no resson to attribute to the author those resultz of
evaporability calculations from redistion balance which be obtained.

Another argumentation by Ivanov, which occupies a prominent place in his
article, is also based on & wisunderstanding. Ivanov maintains that when
evaporability is calculeted from rediation balance, the effect of atmos-
pheric circulation on evaporation processes from the earth's surface is
"ecompletely ignored."

gperen{ly?llvanév bas forgotten that atmospheric- circulation does not
exert any immediate effect on beat exchange processes of the earth's surface
(see §l). At the same time an indirect effect of circulation on the_sehgroc-
esses and on radiation balance of the earth's surface is very great.

In the author's researches, which were devoted to this .problem, a method
for calculating the effect of heat exchange, ‘between the underlying surface
and atmosphere, on evaporation,was developed. In the seme investigations
meps of the distribution of heat exchange between the earth's surface and
atmosphere were constructed for the first time. These maps give quantita-~
tive answers to the question concerning the effect of heat exchange with
the atmosphere on heat balance and heat expenditures for evaporation from
the earth's surface. In-these works (and also in §10) the question con-
cerning the effect of the heat exchange between the earth's surface and
atmosphere on evaporation was also analyzed in Aderivil.mg the "relation
equation" by taking into account contemporary conceptions about laws
governing turbulent heat exchenge 1n the air 1 ~er near the ground.

Since N.N. Ivanov did not exsmine the substaace of the author's investi-
gations of this problem, and even made no mention of them, it is obvious
that a discussion of his statement that the author "completely igmores”

tmospheric circulation, would be rather difficult..

® Inpthe 1ates§‘1nvestigations on evaporahility (IRkovleva, 1953 [2467;
Budyko, IUdin, IAkovleva, 1954 [B4], and others) the question concerning
the effect of the moistened surfece's dimensions on the smount of evepora-
tion was analyzed in deteil. These works lead us to the conclusion that
the effect of the dimensione of the moistened surfece on eveporation is
more pronounced in dry climates, shere great contrasts in temperature and
humidity teke place between irrigeted and nonirrigated land. In this case

4) It must be pointed out here that, in absence of atmospheric circulation,
radiation belance on the lend surface in all latitudes would be equal to
zero in the mesn annuel value, Therefore, it cen be concluded that atmos-
pheric circulation exerts a puch stronger effect on the distribution of
radiation balance than on eny such meteorological element as air tempera-
ture.
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the velue of evaporation from a small irrigated plot may markedly exceed
the velue of R , however this phenomenon will be of great importance only
L

for irrigeted plots of & small size - mainly those not larger than a few

hundred meters.

It is worthwhile to notice that these conclusions, obteined as a result
of & theoretical analysis, were recently well confirmed by data of many
experimental investigations, including data obtained by the expedition of
the Central Geophysical Observatory to the ocasis of Pakhta-Aral,

Having enalyzed the three most popular approaches to the determination
of eveporability, as an index which is included in various indices of dry-
ness (or moistening), we will now very briefly examine the question con-
cerning advantages and disedvantages of the relationship of evaporability
and precipitation as a characteristic of nolstening conditions, irrespec-
tive of the use of one or the other method for calculating evaporability.
In avelleble investigations there usuelly are two main shortcomings of the
Dokuchaev-Vysotskii index.

1) This index only includes annual characteristics, and does not account
for annual variations of precipitation.

2) fThis index only tekes into account the possible expenditure of moisture
for evaporation, and does not account for lossea of moisture by runoff
(for instance, the review of V.P. Volobuev, 1953 /70 and others).

The first reason must be undoubtedly approved. As avallasble data show,
dynamics of soil molsture change abruptly under different conditions of
annual variations, even when the total annual amount of precipitstion is
equal, This, of course,is of great aignificance for many physicogeographi-

.cal processes. Therefore, for more detailed analyses of climatic condi-

tions of moistening, date on soil moisture are of great importsnce., To

enable a more extensive use of these data, the author suggested en indirect
method for calculations based on the water bslance equation (1950b /BTy,

A aimilar idea vas presented by A.G. Isachenko (1953 {1157), who elso came

to the conclusion that a direct estimation of soil moisture dynemica is

quite necessary in a study concerning climatic conditions of moistening.

At the same time, in meny applications, a schematic characteristic of
moistening conditions is, apparently, quite sufficient, and the Dokuchaev-
Vysotskii index may conveniently serve as such. Thus, for the purpose of
clarifying the general moistening conditions on t vast surface of all
continents, applicetion of the Dokuchaev-Vysotskii index could be Justified
by the neceasity of considerable schematization of the source material in
order to generalize it on a small scale mep.

The second critical remerk, concerning the index of Dokuchaev-Vysotskii’,
about not taking the expenditure of moisture for runoff into account, when
applying this index, 1s in our opinion not Justified. Much earlier, in
investigations by E.M. Ol'dekop, it was estahlished that the coefficient
of runoff (the relationship between the norms of runoff end precipitation)
for river basins is often determined by the relationsip between precipita-
tion and evaporebility. This conclusion wes later confirmed in many other
investigations, including those by the suthor (see §10). Thus, for the
glven relationship between evaporability and precipitation, the relation-
ship between loss of moisture by runoff and precipitation, as well as the
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relationship between loss of moisture by evaporation and precipitation (in
more or less larger regions) is not an independent velue and can be easily
calculated by the "relation equation,™

As previously mentioned, the ratio of precipitation to evaporability or
the inverse value 1is connected by certain functionsl relations with all of
the other water and heat bslence components of the land surface. This is,
the main theoretical basis for an extensive use of the Dokuchsev-Vysotskii
index in the analysis of moisture conditions. However, it must be pointed
out that e purely empirical investigation of relations between character-
isties of varlous physicogeographicel processes on one hand and precipita-
tion and evaporebility on the other, is also possible, and it is not
limited by the necessity of using the index of moistening.

Several investigetions were carried out in this direction, among which
the pupers by V.P. Volobuev deserve special attention (s summary of results
is found in the monograph published in 1953 1_797).

Further developing the idea suggested by V.V, Dokuchaev and B.B. Polynov
(1915 LI867), V.P. Volobuev established quantitative correlations between
soil cover cherscteristics and climatic factors - precipitation and eir
temperature. .

The main shortcoming of these, in many respects very interesting investi-
gations, is the application of the mean snnual temperature es an inde.x gf
the thermal regime. In climates of moderate and higher latituduf.s this in-
dex provides for only a very rough characteristic of evaporability.

Investigations in this direction sre very essential, espe?ially when
they make use of the most perfect meteorological irdices, which are pro-
vided by recent developments in climatology. . . .

At the same time, research in this direction is still relatively little
developed, when compared_with moistening investigations using the i{:dgx of
Dokuchaev-Vysotskii. Therefore, in investigations of moi;tu{'e conditions
which determine geographical zonality on the continents, it is most ex-
pedient to use the relationship of precipitation and evaporability.

Determination of Evaporability

According to thefaho;:tr:er:ﬁ:«;de::sx::ﬁé;?s we will novw examine the
) ot s 2o, Shseicn v o eyer, 1, Do
and2()>ths::1s:k’m(ilns§z::::gl:§ ;Y;?osleﬁnii'ov , in determining evapo;-ability
fmg\)su;:tgidt:?pzzzz‘;iémg evaporability from radiation balam.:e.

First of all, it is desirable to compare results of the application of

these methods with each other, since no more or less detailed, comparisons

made.
hav:f::: ::;rel time, for an evaluation of the correctness of these methods

it is proper to compare them with the complex method of ;ai.;u].stingiev;p-
i t all o e principa’
hich simltaneously tskes into.accoun
;:Z:ii:t{{m: affect cvaporability - radiation balance, temperature and

bumidity of the air.



162

The principles of the complex method for determining evaporability were
suggested in 8 paper by the author (195la /B57). We will outline this
method, in @ somewhat simplified form, in & manner that is most convenlent
for practical use.

The amount of possible evaporation from land surfaces,vhich are suffi-
clently moistened ,apperently cen be determined by methods similar to those
used for determining evaporation from water surfaces. At the present time,
as & result of numerous theoretical and experimentsl investigations, it is
acknovledged that, evaporation from water surfaces or from moist surfaces
is proportional to the seturation deficit celculated from the temperature
of the evaporating surface 5? (see § 5). This.relationship cen be expressed
in the following form:

Ey=pD(g:— ) a1y

where F,— is possible evaporation (evaporability), f— eir density, D —
coefficient of externel diffusion, g,— specific humidity of saturated air
at the temperature of the evaporating surface, ¢— specific ".umidity of the
air at standard level of measurements (2m).

In preceding investigations (Budyko, 195le /k57, Budyko, Drozdov et al
1952 /56/), the author introduced in equation {112) a complementary multi-
plier g, which cheracterized the relationship between the length of the
period with superadiabatic gradients of temperature and the total length of
the period averaged. Calculations showed that the independent account of
the variations of parameter § does not affect the results of determining
evaporation, into any considerable degree, but complicate the calculsting
procedure.

This 1s the reason why paremeter i was dropped from formla (112),
assuming that the coefficient of external diffusion D equals the product
obtained from multiplying the earlier used coefficient by the ratio of the
length of the period with superadiabatic tempersture gradients to the length
of the whole averaged period. It 1s obvious that the value of the coeffi-
clent of external diffusion must be smaller than that of the earlier used
coefficient (according to latest data the mean value of D for the warmer
period of the year is epproximately 0.63 cm/sec., also see chapter II).

From formula (112) it can be concluded that, in order to calculate evap-
oration, we have to know the air humidity ¢, , the coefficient of externsl
diffusion D (which is proportional to the coefficient of turbulent ex-
change and in turn depends on many factors), and temperature of the evepo-
rating surface, which determines value 4.

Usually the first two values can be easily determined from results of
relevant observations and calculations. Determination of the third value -
temperature of the evaporating surface - is a such more complicated matter. /

5) It must be emphasized that this value, in most cases, differs consider-
ably from the vaelue of saturation deficit celculated from air temperature.
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Generally, a direct measurement of temperature of the active land surface
is very difficult, end in this cese the problen is complicated further by
the fact that we have to deal with temperature of a surface from which evap-
oration proceeds under sufficient moistening conditions, i.e., under condi-
tions which can differ considerably from the actusl circumstences in reglons
with dry climate.

In the above mentioned investigations, on determining the temperature of

. the evgporating surface, it 1s suggested that the equation of heat balance
be used:

R=LE4+P+A. (113)
The radiation balance value could be presented in the form of:
R =R, — 458 (8, —0),

where R,— radistion balance for the moilstened surface calculated by using
effective outgoing radiation as determined from air temperature, s— coeffi-
4 clent depending on qualities of the radiating surface (usually about 0.9)

1 o —the Stefan - Boltzman constant &— alr temperature, 4, — temperature
of the active surface. The following formula can be written for turbulent
heat exchange, by anelogy with (112):

P==pc,D (8,—9),

where ¢,— heat cepacity of the air at constant pressure.
Developing these formulas, we obtain from (113):

Ry— A=LpD (g, — @)+ (pc,D 4 450t%) (8, — 8) . (114)

From equation (11%), having data on air humidity g , end temperature

Y b, avallable and knowing the values of D and RO—A,it 1s possible to
celculate the values of 6, and g, , vhich are part of the well-known re-
lationship (the Magnus formula), Furthermore, such a calculation would
permit one to compute evaporability E, by using equation {112).

Equations (112) and (114) allow us to investigate the dependence of

evaporation on basic meteorological factors in & general form. In the

- mentioned papers, on the basis of such investigations, conclusions were
derived ebout laws governing the effects upon evaporability of temperature
and humidity of the eir, turbulent exchange and radiation belance. In

. evaluating the sbove mentioned simplified methods for determining evapora-
bility we must notice the following.

Calculations by formulas (112} and (114) are not very complicated, but
when made for numerous cases, the numerical solutions of equation (11L) are
rather cumbersome and time consuming. Calculations could be simplified and
facilitated by using suitable nomogrems; however, in many cases, it would
be more convenient to use simpler methods for determining evaporability,
thus requiring smaller quantities of basic data.

Now, let us examine those three simplified methods for calculating evap-
orebility by taking into account the theoretical interrelstlons outlined
above, and available empirical data.

]
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For a limited period of time, by using the radiation balance method,
evaporability is determined by formula:

Ry—A
Ey= Bz

Since, for the year the value of 4 is near zero, for these conditions
(and for many other cases as well), 1t can be assumed that evaporability is
equal to the relationship of radiation belence and latent heat of evapora-
tion. .

From formula {114) it can be concluded that, when determining evapora-
bility from radiation balance we can expect to obtain accurate results only

in case: \Ry—A=LsD (g, — @)

i.e., when value (pc,D4-4s0)(6,—0) is much smaller than the amount of
heat spent for possible evaporation LpD{q,— )

Consequently, the absolute error in determining evaporability from
radiation balance will be:
AE) = (o, D 4 45905) (U, — b,
and the relative error

asg_(f,,_+4sosa>°m—" (115)
B - \L TIdD)s—q

Equation (115) permits the celculation of relative errors in determining
evaporability and also errors in calculating evaporation from water sur-
faces, if we assume its value as being equsl to Ry—A

0l

This equation will later be uséd in evaluating errors of the evaporstion
calculations. To demonstrate it here, we .determine the error in celcula-
tions of evaporability from radiation balance by using the dirsct comparsion h
method of evaporability velues calculated by formmlas (112) end (114) for
the year (by adding up the monthly velues), with corresponding value: rf
the relationship of redietion balance and latent heat of evaporation, -
For this purpose the values of FE, and radiation balance (thet was di-
vided by the latent heat value) were computed for i sites located in
various climatic conditions, from the tundra zone to equatorial forests
and tropical deserts on all continents (except in the Antarctic).
Comparison of these values is presented in fig. 53, which clearly shows
that the calculation of evaporability from meen annual deta of radiation
balance gives values close to calculationus of evaporability from formlas
(112) and (114). The mean relative error in the first calculation as com-
pared with that of the second is only 10%.
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This conclusion means that the direct effect of such factors as tempera-
ture and bhumidity of the air on annuesl values of evaporability is much less
essential in comparison with the determining effect of radiastion balance.
On the besis of data given in fig, 53, in the majority of cases it could be
concluded that, for a sufficiently molstened land surface the turbulent
flux of heat 2 is small in its absolute values, as compared with the mein
componente of heat balance - radiation balance and expenditure of heat for
evaporation {exceptions from this rule are observed, es was indicated,
mainly for comparatively small plots under dry climete conditions).
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Figure 53

Comparison of eveporation values determined
by complex method and radiation balance.

For clarification of the physical principles involved in this calculation
method for determining evaporability from saturat .- deficit we will first
examine the relationship between saturation deficit end radiation balance
for various climatic conditions, In this analysis we will be limited to
the use of Russian data only,since there are no reliable data on saturation
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deficit (calculated with the Ol'dekop correction) 6) for the whole globe.

In fig. 54 mean ennuel values of saturation deficit, taken from the paper
by E.M. Sokolova (1937 /212]),sare compared with corresponding values of
radiation balance. Data on saturation deficit and radiation balance have
‘been taken from the maps for 187 sites, distributed regularly over the USSR
except Eastern Siberia (where data are less reliable), mountain regions and
coestal lands.

As can be seen from fig. 54, under conditions of a more or less humid
climate, a close interrelationship exists between velues of radiation
‘balance and saturation deficit. It is close to s direct proportionality.
According to the relationship presented in fig. 53, it can be asaumed that,
under analyzed conditions, saturation deficit is also connected by a direct
proportionality with true evaporability.

Thus, for more or less humid regions, calculations of evaporability from
radiation balance and saturation deficit will give similar results {when
coefficient ¢ in formla £,==ad is properly selected).

Now let us compere the principal error in calculating evaporability from
saturation deficit and radiation balance, in a more or less humid climate.
Possible evaporation from the humid surfaces (evaporability) is equal

to:

Ey==pD (4,— @)
it could be presented as the sum of two components:
Ey=pD(q;—q)+eD (9,—4})

where 94— is specific humidity of saturated air at the air temperature.
Since the value of (¢, — g) corresponds to the saturation deficit, the last
formula could be rewritten:

Ey=E; +¢D(9,—4)),

where £

oD (g, —

is e.vaporabilif.y, determined by saturation deficit, and
) =3E" — a value, that characterizes the principal error in

6) E.M. Ol'dekop has shown that, when determining mean monthly values of
saturation deficit, we cennot use mean monthly temperatures, since a large
error arises in the celculations due to the nonlinear dependence of the
pressure of saturated vapor on temperature, and becsuse of the temperature
variation during the month. In the paper by Ol‘'dekop (1911) a method of
calculating saturation deficit that will set off the indicated error
("correction of Ol'dekop") was suggested. However, the necessity of
using this method when determining saturation deficit has not always been
-taken into account in later investigations (especially so abroad).
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calculations of evaporsbility from saturetion deficit. This error arises
because of a difference between air temperature and the temperature of the
active surface.
The relative error in the celculstion of evaporability from saturation
deficit will be: e
Wy (a—4s (116)
R

If we compsre the relative error in calculetions from radiation balance
apd seturation deficit, by dividing the corresponding values from equations
(115) end (116), we obtain:

By [¢, 4:503) 8y —0 oun
S e

It is interestin‘g to note that due to the approximate proportionality of
values (8, —6) and (¢,—g¢,), within limits of their actual possible varia-
tion, ratio % for esch air temperature has an approximtely constant
value. So, for instence, we find from this formula that with an air tem-

perature of 25°C the value of f_g."; is approximately equal to 1/2. This
o g

meens that the principal error in calculating eveporation from radiation

balence, with a more or less high sir temperature, is smaller than _the

principel error of evaporability calculations from seturation deficit.

This conclusion must be accounted for in calculstions of evaporation, how-

ever, it does not exclude the possibility of an epproximate determinetion

of evaporability from saturation deficit in relatively moist climates.

Much more difficult is the utilization of saturation deficit for cal-
culating evaporability in dry climste, especislly in deserts.

As can be seen from fig. 54, for dry climates the direct proportionality
between radiation balance and saturation deficit is broken ard the scatter-
ing of the dots on the grsph 1s larger. Comparing figs. 53 and 54 we can
see that, in this cese, the direct proportionality is also discontinued
betveen saturstion deflcit and true evaporability.

There 1s no doubt that the rapid growth in saturation deficit in desert
climates is not accompanied by the seme rate of increase of the possible
growth of evaporation (evsporubility). This statement is based on elemen-
tary reasoning.

Should we compare mean saturation deficits in & desert and in an abund-
antly irrigeted oasis, these values would differ very much. At the ssme
time, in both cases values of evaporebllity (of the possﬂ.)le evaporation)
obviously are equal because the factual value of evaporation in an abund-
antly irrigated oasis is the same value of evaporability for a given desert
region. Thus, saturation deficit jn factusl conditions of dry climate can-
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ngt be assumed as being proportional to the value of possible evaporation.
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Figure 5k

Comparison of mean annual values of saturation deficit of the air with ra-
diation balance values. l-tundra, forest, forest-steppe, steppe; 2- semi-
. desert, desert,

T) This conclusion could be expressed in a more comprehensive way. Those
indices of evaporation which greatly depend on the degree of moistening of
a certain locality, should be used for determining evaporsbility in dry
climetes hy taking the ahundant irrigation into account. Accordingly, as
has been emphasized in previous investigetions of the author and also
pointed out ebove, in determining evaporability from rediation balance in
dry climetes date of the balance cslculated for & moist surface should be
used. It should be pointed out that, such calculations are mot more com-
plicated then calculations of radiation balance for the actual state of
the active surface in dry climates.
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Actually the majority of meteorological stations in deserts, whose data
were used for construction of the saturation deficit map that we are nov
using, vere under the influence of the proximity of irrigated plots. There-
fore, observations of these stations present saturation deficit values that
only pertly characterize the climate of deserts or semideserts. Neverthe-
less, as fig. 54 and deta of special observations show, values of saturation
deficit derived from observations of desert stationms turned out to be cone
siderably "exaggerated" in comperison with those considered typical for
abundant irrigstion conditions of these regions.

It is very interesting to note that the question of the necessity of
taking into account the effect of irrigation on desert climate, when deter-
mining possible evaporation, was examined much earlier by A.I. Yoeikov.

So, for instance, in The Climates of the Terrestrial Globe A.I. Voeikov
(1884 /B8/) enalyzed an interesting case of & large error contained in cal-
culations of French engineers who designad the water reservoir of the Swex
Canal. According to date obtained by small evaporimeters, these engineers
aasuxed that evaporation from the water reservoir would be about Tm per
annum. The actual evaporation proved to be a.little more than lm per annum,

This difference is explained by the fact that larger evaporating sur-
faces in deserts evaporate a much lesser amount than the smaller ones, .
because of the effect that evaporation exerts on the climate of the under-
lying air layer.

There is malso & second reason for the slower growth of evaporation as
compared to increasing saturation deficit in dry climates. It bas alresdy
been noted in certain publications that the mean water temperature of
Limited water reservoirs in dry regions is ususlly remarkably lover than
the air temperature. This results in smaller values of saturation deficit
computed from the temperature of the evaporating surface, as compered with
the actual deficit. This effects a relative diminutiorn of evaporstiom, which -
is also noticed on smell evaporating surfeces.

A more rapid increase in saturation deficit of the air iz dry climates,
as compered with the growth of eveporability, complies with empirically
establisbed relations betveen evaporation from water reservoirs snd set-
uration deficit.

As has already been mentioned in this section, recent investigations
established that evaporation is proportional to saturation deficit in a
pover less than one. The same relationship holds true in compering sat-
uration deficit with radistion balance. This can be seen, for instence,
from date in fig., 5k.” The relationship between radistion belance and
saturation deficit, that is shown hy thie graph, could approximetely be
described by the formils R, — bd%, where 5=11,3 (using the sage dimen-
sions in which this graph was compiled).

This conclusion explains the above mentioned results of the latest im-
vestigation by Prescott (1949}, vho also came to the conclusion that it is
pecessary to take into account the saturation deficit in power 0.7, in
indices characterizing the degree of moistening.

Thus, it can be concluded that, it is fessible to use saturstion deficit
for calculating evaporation and for computing indices of moistening, mainly
in more or less moist climates, In this case,calculations of evaporability
from saturation deficit give, on the average, results that are close to

i
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those obtained from radiation balance calculations, although the principal
error of the calculations from seturation deficit will be somewhat greater
than the error in calculations from radiation balence,

But the assumption that there is a proportional relationship between the
evaporation and saturation deficit, in dry climates, is entirely wrong.

In this case it would be more correct to consider the amount of evaporation
as being proportional to saturation deficit in a power less than 1, even
though this kind of calculation will also include & noticeable possible
error which results from the above outlined physical reasons.

Let us now examine the problem of using sums of temperatures in evapora-
bility calculations. As’'is well known, sums of temperatures present an
importent agrometeorological index, which &t the tlme being is used largely
in egriculturel climstology. However, the physical interpretation of this
index has never been very clear. Because of this, it would be of consider-
able interest to compare the sums of temperatures with the, physically
substantiated, energy index of eveporability; i.e., the radietion belance.

For this purpose relevant calculations were carried out. The results
are precented in fig. 55. The abscissa shows radiastion balence values R,
the ordinate shows $6_ the sums of temperature higher than 10°C
taken from the World's Agroclimatic Handbook (1937) for 300 stations dis-
tributed over various climatic regions on all continents (except Antarctics)
from 71°N to 46°S. All date in this handbook were used, and only coastal,
ieland, and mountein stations were omitted.

Fig. 55 shows a very close correlation between the sums of temperatures
and rediation balance, which exists, on the average, in all latitudes srd
continents. It is interesting to note that this reletionship has the form
of direct proportionality, where in the first approximation, sums of tem-
peratures divided by 100 are about equal to the quantities of radiation
‘balance in kg-cal/cn?/year.

A distinct dependence of the sums of temperatures on radiation energy
factors interprets, to a certain extent, the physical meaning of this char-
acteristic, which up to recent times was sometimes considered as a very
conditional index. At the same time, the established correlation between
sums of temperatures and radiation belance shows considerable possibilities
in using sums of temperatures @s an indirect estimate of evaporability
under various climatic conditioms.

It should be noted, however, thet because of the definite scattering
pattern shown in diagram 55, the correlation between sums of temperatures
end radistion balance camnot be regarded as being quite uniform, Analysis
of source data shows that in individual regions a definite discrepancy
between the radiation regime and sums of temperstures 1s found. So, for
instance, in some coastal regions sums of temperatures turned out to be
somewhat lower when compared with radiation bslance, Still more incon-

) The sums of temperatures higher than 10° is obtained by sdding up mean
Qnily temperatures in the Centigrade scale for the period when these tem-
peratures are higher than 10°. N
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gruous are these fsctors in mountain regions, where sums of temperatures
usuelly decrease with altitude at a much higher rate then rediation balance.

In such cases ve encounter certain conditions which increase the mean
differences between the air and active surface temperatures, which may
result in definite errors in estimating thermsl factors of physicogeographi
cal processes on the surface when using sums of air temperstures. This
interesting problem requires special treatment.

A great advantage of sums of temperatures, as indices of the evapora-
bility value, is seen in their stability, which shows only slight variation
with the changing dryness of climate. For instance, they vary considerably
less then saturation deficit. This fact also justifies the utilization of
sums of temperatures for determining evsporation in dry climates, deserts
included. sg°
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Figure 55 °

Comparison of sums of temperatures with values

of radiation balance.
L]
From fig. 55 1t can be concluded that annual evaporability could approx-
imately be determined by formula:
E,=cE§,

where £, -~ 13 evaporability in mm/yesr, £0— sums of temperatures higher

then 10°C, c¢— coefficient equal to 0.18. The annual value of the
Dokuchaev-Vysotskil index, in accordance witk the idea of G.T. Selianinov,
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can be computed by formule:

0,850

where 7— 18 the annual amount of precipitation in mm,

Summarizing this anslysis of methods for determining evaporability es
used ip celeulating the index of Dokuchnev-\(ysotskix, we can note the
following.

The complex method for determining evaporability, that is described
above, 1s the one which,theoretically, has the most substentietion. It
takes into account the effect of radietion belance, air tempersture and
humidity, Bowever, utilization of this method involves some cumbersome
computations, and that 1s its shortcoming.

In calculations of ennual amcunts of eveporability the redistion balence
method cao be largely applied. This method also has a definite theoretical
bagis, and under very diversified climatic conditions gives results close
to those obtained by the complex method.

Among the empirical methods for determining evaporability, attention
should be paid to calculations of annual smounts of eveporability from sums
of temperatures. These calculations are very simple, and under a large
range of climatic conditions - from tundra to the equatorial zone - they
provide results similar to those obtained by calculations of the radiation
‘balance method.

Calculations of evaporability from saturation deficit can give satis-
factory results, mainly in comparatively humid climates. In a dry climate
{especielly in deserts) these calculstions ere less suitable and might
include considerable errors. ’

On the basls of these deductions we epply the emounts of eveporsbility
calculated by the radiation balance method, in our study of moistening
conditions on the continents.

Let us now consider the question concerning the period for which date on
rediation balance should be taken in determining evaporability.

In one of the preceding works by the author (1949b /52/) it was indicated
that in different climates of moderate letitudes, values of radistion bal-
ance for the year and growing season turned out to be very close to each
other. This, at first glance a very paradoxical fact, 1s interpreted in
the following way. During the cold period of the year, radiation balance
in moderate latitudes is negative and its absolute values are small, In
spring, radiation balance becomes positive, end at the beginning of the
growing seeson (which is ususlly eccompanied by the increase of air tem-
perature to 10°C), in most cases, it reaches comparstively lerge positive
velues, Thus, negative and positive values of radiation balance during the
"moogrowing season” compensate each other to a certain extent.

Available data on radistion balence provide & basls for a more detailed
enalysie of the problem on the reletionship of radiation balence values for
the year and growing season. The results of such a comparison are ghown
in fig, 56, where the abcisse represents rsdietion balance for the yeer R,

T T g TECOR T
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apd the ordinste R -— radiation balance for the period with temperatures
higher than 10°C. These values were computed for moist curfsce conditions
(the comparison of balance values for the sctual state of the surface would
give, by and large, the same results).

#. kg~cal/er?/senson ’
st ' l

or

] ] E] W ] % akg-cel/cn/year

Figure 56

Comparison of sums of radiamtion balance values for the year
and growing season.

Data in fig. 56 pertein to stations located between the latitudes of
40° and 70°N. Data of coastal and i1sland stations were not used in con-
structing this graph.

As can be seen from greph 56, larger values of radiation balance R ana

R’ which sre observed in lower letitudes are always close to each other,
In higher latitudes, vhere these values are smaller, we observe some dif-
ferences between R '&nd R values, with the latter value considerably
larger than the former. It should be pointed out that the largest dis-
crepancies between these values sre principally found in sharp continental
climates (the central reglons of Eur&si.a).

In this region & rapid increase of temperature in the spring produces
an ipcomplete compensation between negative and positive values of radis~-
tion balance in the "nongrowing period“and therefore the radiation balance
for the growing period becomes larger than that for the year,



174

But, tbat does not mean that it is necessary to use, in caleculating
annual amounts of evaporability in a sharp continental climete, radiation
balance values for the growing seamson. ns bas been repeatedly mentionéd
by the author {1951s /57 and others), values of radistion balance for the
warm season in moderate latitudes cennot be used entirely for evaporation
(vwhen there is sufficient moistening of the region). If annual varistions
of temperature ere quite proncunced, a definite part of the heat in radia-
tion belance is spent, during the warm period, for heating (and thawing) of
soil. This amount of heat is again released during the cold sesson when the
soil is cooling off (and freezing). This portion of heat grows. larger in
sharply expressed continental climates, and increases still more in regions
with deep soll freezing.

According to available data of beat exchange in 50il we may conclude
that, in continental climetes of moderate letitudes, the amount of heaet
vwhich can be spent for evaporation during the warm season 1s markedly small-
er than the radiation balance for the growing season, and is closer to the
annual value of the balance.

These deductions confirm that, for determining snnual eveporation in
various climetes, it is feasible to use values of radietion balance which
also pertain to aanual values,

Some regularities in geographical zomality

For the study of correlations between geographical zonelity and elimatic
conditions, the author (1955a LEB7) designed a world map of the rediational
index of dryness. - -

In constructing this map a special world map of radiation balance was
used; the latter map referred to a moistened surface condition (values of
radiation balance were calculated by methods described in § 3, the value of
the albedo of the moistened surface was assumed to be 0.18 for the pericd
without & snow cover).

The isolines, on this map of radiation balance for the molst surface,
generally follow a latitudinel pattern. In respect to mean letitudinsl
values, amounts of this radiation balance are scmewbat smaller in strong
continental regions of moderate latitudes, some monsoon regions and also
some areas of the middle latitudes of North America. In desert reglons the
value of radiation balance 1s, ms a rule, somewhat higher tbanm in surround-
ing reglons of & more humid climate, however, this difference is relatively
small,

Having data on rediation balance available apd using results of the
Central Geophysical Observa‘ory on precipitation amounts, it was possible
to calculate the index X . These calculations were accomplished for 1600
sites, dlstributed more’fr less evenly over the continents, This pumber of
observation points is sufficient for comstructing a rather detalled worla
map, hovever, 1t must be remembered that there, inevitably, will still be &
certain degree of schematization in the distribution of the dryness index.
A sharp spetial changeabllity of precipitation in some regions (especially
in the pledmonts and mountains) results in corresponding changes of the
drypess index, which 1s not always reflected by a map of limited dimensions,
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even when & dense network is available. Therefore, we were compelled to
show, on the map, only schewatized isolines in those regions where the
ipdex isolines went too close to eamch other and outlined some relatively
small areas, .

The map of radiational index of dryness (fig. 57) shows the values of

R
Ir requal to 1/3, 2/3, 1, 2 and 3. These steps Were chosen by teking into
secount results of preceding investigations by the muthor concerning the
analysis of the correlation existing between velues of the dryness index
end boundaries of the natural zones, and also consideriug the conclusion

by A.A. Grigor'ev (1954 /BUJ), who indicated that between the dryness index
on the boundaries of mean natursl zones there are certain muitiple, numeri-
cal relationships. Isolines of the dryness index in fig. 57 are drawn over
the whole surface of the continents except high mountain regions and ex-
treme northern sections of North America, which are shaded, This has been
done because of the fact that no relisble data are aveilable neither for
radiation or precipitation in these regions. Thus, in particular, data on
precipitation in North America undoubtedly contein considerable errors

due to insufficiently accurate measurements of solid forms of precipitation.
The correction of these errors is rather difficult.

As can be seen from fig. 57, the distribution of radiation index of dry-
ness isolines on continents shows great variations in the index values of
each continent. The most humid conditions, with tbe smallest value of the
dryness index, are seen mainly in higher latitudes where eveporability is
very low. The grestest values of this index are found in deserts and semi-
deserts. -

Comparing the radiation index of dryness map (fig. S7) with gecbotanical
and soil type waps, we can see that the distribution of the dryness index
isolines coincides falrly well with the distribution of the mean physico-
geographicel zones, The lowest values of the dryness index (up to 1/3)
are typicsl of the tundre zone. The large values of this index (from 1/3
to 1) are found in the forest zome, Still larger indices (from 1 to 2) are
characteristic of steppe, and index larger then 2 is typleal of semideserts,
lerger than 3 deserts.

Ve will not discuss many of the other deductlons which cowld be drawm
from this comperative anmlysis of the maps of dryness index and those of
geobotanical and soil features, tut the main conclusion must be emphasized;
the parameter R  which determines the relative values of the components

Lr?

of heat apd vater balance alsc determines, to a certain extent, locations
of the boundaries of the principel natural zones. It is also obvious that
in different lstitudes, within similer zones, essentlal differences in the
development of natural processes sre teking place. These differences, as
aveilable data show, can be traced to the fact that on different latitudes,
the fundamental energy of the patural processes, which can be designated
by the radiation balance velwes R , is essentislly different.

Thus, We need only one paremeter g (that gives us relative values
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Radiational index of dryness.

Figure 57.

77

of the heat and the water balence terms) for determining genersl zonal con-
ditions of the dynamies of natural processes. But for characterizing abso-
lute values of the intensity of netural processes , two perameters would be
needed: ZR_ and R, vhich determine the absolute values of heat and wate
r

balance components. . R

The relationship between geobotanical features and parameters 7, and
R 1s presented by a graph with ordinates R and TR' which ‘also show the

r

boundaries of the principal geobotanical zones.
A schematic form of such a graph is presented in fig. 58. The solid
line shows limits of actually observed values of R end R (except in
Lr

mountain reglons). Within these limits, definite values of perameter R s
ahown by vertical dashed lines, separate the principal geobotenical Lr
zones: tundra, forest, steppe, semidesert and desert. The great varia-
bility of radiation balence values in the forest zone, and the somewhat
lesser range of these values in the steppe, reflect the variations of geo-
botanical aspects inside these zomes.

Insofer as the zonality of solls 1s closely associated with that of
vegetation, results obtained for.the relationship of vegetation zones
to certain velues of parsmeters R end R could be referred to soil zones
as well. i .

Consequently, 1t can be established that with en increase of parameter
77 the types of soil will change according to the following sequence: a)
tundra soils, b) podzol soils, brown forest soils, yellow soils, red soils
and laterities (the wide variebility of soil types in this group corre-
sponds to the wide range of paremeter R ), c) chernozem and black soils
of the savanna, d) chestmut soils e) gray soils. The reletionship of soil
zonality with climatic lndices Z& end R can be presented in a general

r

way, as a graph simller to that of the vegetation zones, which vas shown
in fig. 58. 2
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The greph of geobotenical zonality.
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- 24 ological regime on land, with parameters R and
R 3:: )::n::é:gl:sh:genggd:nly gqualitatgively, but elso quantitetively.

L7 prom the "relation equation” it cen be concluded that, each class of
values of parameter = corresponds to & certain cLassRof 'gpe runoff co-
efficient values. 7. Therefore for tundra, vwhere Tr—<l“ , the yunoff

R
coefficient mist be greater than 0.7; in the forest zone with “3<T;<l the

yunoff coefficient must be 0.3 to 0.7; in the steppe zone {where 1<,% <2)
from 0.1 to 0.3; in semideserts and deserts it is less than 0.1,
The observed dats have confirmed these relationships very well.
Thus, the evaluation of the effect of the energy factors permits a quan-
titative interpretation of zonmel chenges in the runoff coefficient.
Absolute values of the sums of runoff are determined by two parsmeters:
R and '_B: . In connection with this, we cen present the distribution of
Lr

annusl sums of runoff in cm/year in & form similar to the graph in fig. 58
(see £1g. 59). Fig. 59 characterizes the absolute values of runoff in
various geographical zones.

. s s n . R
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Figure 59

Runoff in various geographical zones.

The established relationship between indices of the dynamics of physico-
.geographical processes and climatic energy factors corroborate the law dis-
covered by A.A. Grigor'ev, which states that the relationship between radi-
ation balance and precipitation actuelly determines the nature of physico-
geographical processes.

In his peper, published in 195k /BU/, A.A. Grigor'ev gave the following
interpretetion of this law,

"In those cases when the relationship between the index of radiation
balance of the earth's surface and the index of annual precipitation (given
as the amount of calorles which must be spent for vaporization of this
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smount of precipitation) is about 1, then a quantitstive proportionality,(a
commensurateness)exists between heat snd moisture amounts which participate
in the natural processes of the geographical medium, The essences of this
commensurateness 1s seen in the fact thet the velue of radiation balance

is equivalent to the emount of heat energy required for vaporization of the
annual amount of precipitation, and there is only so much precipitation as
cen be vaporized from the surfece of the earth under these thermal condi-
tions. In the structure and dynamics of the geogrsphical medium this com-
mensurateness 1s expressed by the fact that as e-Tresult of heat and moisture
interaction a certain thermsl regime is created, with unobstructed and con-
tinuous transpiration and evaporation (from the ground surface) on one hand,
and processes of the ground aeration on the other, ile., a combination of
conditions of great positive importasnce in developing the biocomponente of
the geographical medium,

"In those cases, however, when the relationship of heat and moisture de-
viates from value 1 (in any direction), a disparity between heat and mois-
ture amounts tekes place; pracipitation is considerably larger or consider-
ably smeller than the amount which can be vaporized under given thermml
conditions. As & result, under conditions of this thermal regime type, the
unhampered and contlnuous flow of transpiration and evaporation processes
is dlsruptei by moisture deficiency,or processes of soil aeration are dis-
rupted by excess moisture {relative to existing thermsl conditions}. This
exerts a great effect, usually a negetive one, on the development of bio-
logical components in the geographicel medium, end the disproportion in-
creases,the more the devietion of the given relationship varies from 1.

“From all this it can also be concluded that commensurateness of heat and
moisture mist exert an essential effect not only on the nature of biologicsl
components of the geographical medium, but also on the character of hydro-
logic processes, and through them, on geomorphological processes as well."

According to these statements by A.A. Grigor'ev there is reason to as-
sume that between climatic energy factors and the intensity of all exterior
natural processes certein quantitative relations are operating, and these
relations are similar to hydrological regularities anslyzed above. The
investigation of the relationship betveen climetic energy factors and bal-
ances of organic and mineral substances in soil, the productiveness of the
biological mass and other similar factors is hampered by the complex and
insufficient knowledge of the quantitative characteristics of the relevant
processes. Nevertheless, epplication of date on beat energy balance per-
mits us to cast more light on some laws governing the creation of organmic
matter in various neturasl zones. The following section 1s concerned with
this problem,

§12. Heat balance and conditions of plesnt development

Organic matter in nature s created es & result of the activity of anto-
trophic plents which are the unique group of orgenisms that is capamble of
synthesising organic metter from minerals. From two ways of producing
orgenic metter by utilizetion of rediation energy (photosynthesis) and
chemical energy (chemcsy'nthesis), only the first one is essential in pro-
ducing the biological mass. Chemosynthesis, being very important for
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nitrogen transformation and for some other processes, ltwrodu::l:;i::::v;ﬁnts
only an insignificant quentity of organic matter. Pho ?.iynamount o8 pleme
utilize carbon dioxide of the mir, 9) vater, and & Em:he tocyothests
substances 1in soil, for building organic matter. For B e e radi-
process in plants,some portion of energy, received as s

is usually expended. .
uti;ﬂ;serous expeimental investigations established that the ’ef{iei:::zn
coefficient"” of the photosyntbeticelly acsi;;)pla;ltli 1;;;3'1:::)' éoeffi- Yy
t equals 0.1-1.0% (on the average it is 0.5%). s )
iien%" shows theof‘atio of the amount of energy spent for aynth;sismzitbio
logicel mass to the total amount of incouming solar energy. Under

favorable conditions the value of this coefficient increases up to 5% and

1y exceeds this amount (Vinberg, 1948 and others).

onlitr:;zu{d be noted, however, thet extensive experimental dmi:a groved s
that vegetation slso spends water resources in a Very uneconomica t\;:y,of.
e., the productiveness of transpiration (the ratio of weight :;:cred“rrixn .
dry mass in the plant to the discherge of water for transpiration 1/§oo)
certain time interval) is ususlly from 1/200 to 1/1000 (mostly about oduce;i
It has slso been discovered that such ebundent trsnspiration is not pr "
by the physiological requirements of plants but, to a consigerablgsexte: »
it 18 just e useless loss of water (Maksimov, 1926, 19hh E S & L _7 an
otb;izl; two fundamental facts provided evidence that in natural conditions
vegetation consumes only aninsignificant portion of the available energ{
end water resources. It 1s obvious that for investigeting the correlation
between productiveness of vegetation and climatic factors, it is impo%‘tant
to clarify the causes which so substentially limit the utilizrtion of
patural resources for synthesis of biological messes. i

In investigations of Blackman, Lundegord and some other auth to (Liubi-
menko, 1935 /1637 and others), it was assumed that the photosyn. iesis
energy 1is mainly limited by the low concentration of carbon dioxide in the
ur‘i‘o verify this hypothesis concerning the limiting effect of carbon
dioxide concentration on the process of photosynthesis in natural vegeta-
tion, we have to analyze the physicel mechsnism of assimilation and tran-

ion.
spi;;: organ for assimilation in e photosynthesising plant - the lesf-
represents an envelope of dense cuticular tissue with meny emsll openings -
stomata - which can open and close themselves. Within this envelope &
great surface of layers contsining grains of chlorophyll is enclosed. The
surfaece of these layers contacts atmospheric air through intracells and
ta.

Stm]: is very essential that, for development of photosynthesis, the sur-
face of the chlorophyll leyers be kept moist, since carbon dioxide can be

T —

9} Along with carbon dioxide of the air the plants cen also utilize carbon
dioxide of the soil, however, the first source usually provides the mein
portion of it.
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assimilated only when in & solution. Consequently, the relative bumidity
of the air in the intracells is very high and according to some experimental
data it reaches 98-99%.
Since the relative humidity of atmospheric air during daylight hours is
usually considerably below 100%, diffusion of carbon dioxide into the leaf
with the open stomata is inevitably associated with diffusion of water vapor
in en opposite direction; i.e., with transpiration of the plant,
If the vegetation cover is sufficiently dense, its surface practically
colncldes with the "active surface," for vhich an equation of heat balance
can be derived by the following formula:

R=LE+4+IA4P, (118)

vhere R - is radiation balance, £ -evaporation (transpiration), 'L -
latent heat of veporization, A - assimilation, ! - expenditure of heat
for assimilation of a CO2 wunit of weight, P - turbulent heat exchange
between the aciive surface and atmosphere.

In equation (118) the heat exchange between the active surface and deeper
so0il layers is neglected. This negligence, in the given cese, is quite
alloweble, ingofar as in the warm season of the year heat exchsnge in soil
i8 considerably smmller than the principal terms of heat ‘balmce, and 3
during this season it is possible to select such periods for calculating
beat balance, for which heat exchange in soil equals exactly zero.

Now, let us point out the following significant fact. Three terms that
constitute the right side of equation (118) - evaporation, assimilstion,
and turbulent heat exchange - depend on diffusion Processes of analogous
mechanisms.

In plant transpiretion water vapor diffuses from the moist walls of the
parenchyma to the outer surface of the leaf through the intercellular
space and Btomata, and its concentration changes from! g, (average concen—
tration in the air on the surface of the parenchyma) to 9o {average con-
centration on the ocuter surface of the leaf),

The speed of evaporation will be:

E=pD' (¢, q0), (119)

where D' - is the effective coefficient of diffuaion for water vapor on
its wvay from the surface of the parenchyme to the outer surface of the
leaf. Obviously, value D', will depend on the morphology of the leaf (the
number and size of stometa, the thickness of the leaf, density of cuti-
cular tissue, etec.).

The second stage of water vapor diffusion is associated with the change
of water vapor concentration from /¢, (on the leaf surface) to ¥ — con-

centration in 8 free air streem. For this stage the following equation
can be derived: p o

E=pD"(q— ), (120)
vwhere D" - 1 the coefficlent of external diffusion which depends mainly
on the intensity of turbulent exchange.
Elimineting ¢, from equations (110) and (120) wve obtain:
CEe PUs—9)
E=——T~

. (121)
D -

rd
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The diffusion of geseous carbon dioxide, from the free air flux to the
absorbing surface of the parenchyms cells inside the leaf, can also be
divided into two steges.

The speed of diffusion (which is equal to the speed of assimilation)
will be equal, on one hand, to:

A=pD (c;—01), (122)

where D/ - is the effective coefficient of carbon dioxide diffusion
through the intercells and stomate, from the outer surface of the leaf,to
the surfece of the parenchyme. ¢, - the average concentration of carbon
dioxide in the air on the outer surface of the leaf, ¢, - the average
concentration of carbon dioxide in the air on the surface of the parenchyma
-cells,

On the other hand, the speed of assimilation is equal to:

' A=pD](c—¢y), (123)

wbere ¢ -1s the concentration of carbon dioxide in the free eir, E,” -a
velue analogous to .D”.
From (122) and (123) cap be concluded that:

A= pleza) (124
ot

The relationship between the speed of assimilation and the speed of
evaporation according to (121) and {124) will be:

A _ge—a
E= =g (125)

here, i1t is important to point out tbat the coefficient of proportionality
o D22 (D 4 D)
DD (54 0)

may change within comparatively narrow limits only. Since the process of
water vapor and carbon dioxide diffusion between the outer surface of the
leaf and the free air flux is determined by turbulent mixing, it is
obvious that coefficients D” and D “have approximately equal velues. It
is only natursl to suppose thet wiater vapor and carbon dioxide diffusion
from the walls of the parenchyma to the outer surface of the leaf has &
molecular character snd, in this caese, the ratio D’ must be equal to the
D

ratio of the molecular diffusion coefficlent of carbon dioxide in the air
to the molecular diffusion coefficient of water vapor in the air, i.e.,.
approximately 0.64.

Congidering this, it may be concluded that, depending on the relation-
ship of values [’ and D’ , coefficient 4 can only change from 0.64 to
1.00, approaching velue 1 when the outer diffusion is of greater signifi-
cance {a thin leef with numerous open stomata), and decrease; to 0.6k when
internal diffusion plays the leading role (a thick leaf with poor ventila-
tion). Should we accept the well-known conclusions that under average
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conditions the rate of evaporation from the leaf is about half as great ae
the rate of evaporation from the leveled moist surface, it would be easy to
determine thet coefficient g 1is approximetely 0.8.

Thus, considering that the rate of eveporation from the moist surface is

E,=eD"(3:.—9)»
and vhen:

we obtain:
a=0,78.

FNoting that the turbulent exchange between the active surface and the
atmosphere will be equal to:

P=pDrc, (6,—b), (126)

where ¢, - 1s the heat capacity of the air, ¢ - air temperature, f, - tem-
perature of the active surface, i.e., of the leaves, we derive from (118),
(121), (124), (126) the formuls for the speed of assimilation:

A= R(e—a) , (2n)
—n—(q,—q)+l(C—c|) +6 8y —8)

where:

b=2(1+2).

Prom formula {127) it can be concluded that the rate of assimilation
depends substantially upon the difference im carbon dioxide concentration
between the free atmosphere and the parenchyms's surface (c— ¢;), becoming
larger with the increase of this difference. Insofar as the concentration
of cerbon dioxide in the free air flux is more or less constant, it is
obvious that the rate of assimilation will increase with a decreasing
velue of ¢ , i.e., with stronger absorption of CO2 by protoplasm.

In thiscase, when "physiological absorption™ occurs at a considerable
speed and the general rate of assimilation is limited not by physiological
processes, but by the diffusive supply of carbon dioxide, value ¢, must be
mich smaller than ¢ (c,<«€c) , and the essimilation formula will be trans-
formed into:

Amgp— B —. (128)
= (1= q)+ et b (8 —0)

By using formmla (128) we can theoretically determine how much of the
solsr energy could be utilized by vegetation under most effective utiliza-
tion conditions of carbon dioxide from the air.

Considering that . 1s, on the average, equsl to 0,46-10—* gr for 1
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gr of air, L= 600 cal/gr, q:=0.78, [ = 2500 cal/gr, p = 0.62 cal/gr/degree,
we f£ind that:

1A (129)

= T, —a) 120820, —0)

In calculating energy spent for assimilstion by formuls (129) it should
be remembered that the total expenditure of heat for evaporstion and heat
exchange in the warm sesson 1s determined by quantities observed during
daylight only, since evaporation and heat exchange at night are inconsider-
able, due to the "ventil effect." Therefore, values (g,—g) and (§,—0) in
formuls (129) must be token as averages for daylight hours.

There are reasons to assume that under optimal conditions for photosyn-
thesis, when ¢, & ¢, the parenchyma's surface is sufficlently moist, and
consequently Js approaches the value of the concentration of saturated
water vapor at the leaf temperature (or, more correctly, the difference
between ¢ and the concentration of saturated water vapor must be mich
smaller than vapor pressure deficit in summer during daylight hours, com-
puted at leaf temperature).

Mean daylight hour differences in temperature between the leaves snd
eir in susmer, at temperste latitudes, are on the order of 5°C, fluctuating
in some caces to rather wide 1imits, Assuming that the mean relative
humidity, during deylight hours in summer, is about 502 end air temperature
about 20°C, we find that the values of ¢, = 2.0 + 10~ (at a leaf tempera-
ture of 25°) and ¢ = 0.7 - 10™°. Using these values in formula (129) we
determine that /A = 0.08R, which mesns that expenditure of energy for
essimilation under average climatic conditions in temperate latitudes may
reach 8% of the radiation balance.

From available data it could be found thet, for the major portion of
the Buropean USSR, the radistion balance for summer is 55-60% of the in-
coming total radiation for this season. By using this estimate we can
determine that under average summer conditions of temperate latitudes, the
natural vegetation, absorbing carbon dioxide in the most effective way,
may utilize approximetely 5% of the incoming solar radiation. This evalu-
ation, obtained theoretically, agrees very well with the average empirical
data on the "efficiency factor" of photosynthesis under favorable condi-
tioms. :

However, actual available data shows that such comparatively high co-
efficients of solar energy utilization are observed only in indivijual
cases, whereas the average relationship of euergy spent for photosynthesis
of natural vegetatlon and incoming solar epergy 1s usually on the order of
0.5%.

On these grounds we msy conclude thet, under average conditions the re-
lationship ¢, <«€c¢ is not fulfilled end in the majority of cases the dif-
ference does not exceed 10% of value ¢ .

In other words, the comparison of the analyzed theoreticel scheme of dif.
fusion with actual deta permits us to establish the fact that natural vege-
tation utilizes, ss a rule, only a small portion (approximately 10%} of, the
possible diffusion flux of COp and therefore, the content of carbon dioxide
in the air does not, as & rule, limit the production of biomass.
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It may be noted here that this conclusion complies very well with results
of many experiments made by V.N. Liubimenko end other authors, who esteb-
lished, on the basis of physiological investigetions, that the carbon
dioxide content in the air does not limit the energy of photosynthesis and
the leaves do not utilize the total possible diffusion of the gaseous carbon
dioxide. From these observations Liubimenko arrived at the conclusion that,
"in natural conditionms, the production of dry matter is limited not so much
by the low content of CO2 in the atmosphere, as by the inadequate tempo in
the work of enzymatic mechanism, which governs the flux of the assimilates
end their adaption.” (1935 [Is;? )

The suggested physical mechanism of assimilation and transportation also
permits an explanation of the reasons why plants spend water, during their
development process, in such an uneconomicel wey, i.e., why observed values
of the transpiration productiveness are so small.

If we insert in formula (125) the average estimates of ¢, end ,¢ which
were found during summer daylight hours, and we assume that, according to
the obtained results,c—cl= 0.1c then, the retio -4 will become approxi-
mately equal to 1/360. This means that, for assimilating 1 gram of carbon
dioxide the plant loses by transpiration, on the average, approximately 360
grems of water. A

It should be noted that, although the ra.sio 7= does not coincide exactly
with the productivity of trenspiration, 10) it%en be assumed that its
value 1s of the same order, ) .

Thus, the estimate obtained gives a theoretical explanation of the ob-
served orders of transpiration productivity values.

Formule {125) also explains the substantial dependence of tranapiration
productivity on vapor pressure deficit., This dependence was often pointed
out by several experimentators who observed a considerable decrease in
productivity of transpiration with a decrease in vapor pressure deficit,
which occurred in greenhouses and also when passing from dryer cllmates to
more humid ones (Maksimov, 1926 /165/ and others).

The main conclusion, based upon ell that has been said above, cen be
formlated in the following way:

Natural vegetation utilizes only a very amall portion of the natural
resources of energy and water, This portion is small even in comparison
with the low "efficiency factor" which can be attained under full utili-
zation conditions of diffused carbon dioxide. The hypothesis stating that
the production of netural vegetation is limited by the carbon dioxide con~
tent in the air is, as a rule erromeous, since the obtained formulae proved
that, in the case of complete utilization of atmospherlec carbon dioxide,

10) The productiveness of tremspiration accounts for the augmentation of
dry matter which increases somewhat in comparison with the assimilation of
carbon dioxide, due to utilization of water snd mineral substances of the
soil by the plant, and decreases somewhat due to expenditure of some
portion of dry matter during plant development for breathing, and alaso when
some portions of leaves and roots die away.
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of evaporation upon parameter ZR; at a given R . This dependence, found
through the "relation equation,” is presented in graphic form in fig.
(the curves are for radiastion balance velues from 10 to 80 kg-cal/cmef
year). Annual amounts of transpiration must be somewhat smaller than
annual amounts of evaporation, however, experimental data have shown that
for a closed vegetation cover transpiration constitutes the main portion of
evaporation (it mst be remembered that annual evaporation is determined
almost entirely by amounts observed during the warm season of the year).
Thus, the dependence of transpiration on the parameter R is basically
r

similar to the dependence of summarized evaporation on this parameter.
When photosynthesis developed with full utilization of carbon dioxide dif-
fused by the atmosphere, then the productiveness of transpiration, accord-
ing to formula {125) would depend mainly on the vepor pressure deficit of
the air and decrease with the increase of deficits. In thie case the pro-
ductiveness of transpiration would be a monotonous decreasing function of
parameter g , since with the increase in this parameter the dryness of

climate and vapor pressure deficits of the air increase during daylight
hours,

Since, with a decreasing parameter -?; , at a complete utilization of
carbon dioxide, there must be an increase in the sums of’ transpiration and
productiveness of transpiration, it is obvious that, under such conditions
the productiveness of biomass will grow rapidly with the diminishing value
of L% , and the highest production level will be reached at the lowest

possible value of ZR7 .

In other words, a plant cover that fully utilizes the carbon dioxide
diffusion at a given radiastion balance will increase the production with
increasing precipitation.

Should the plents, under actusl conditions,fully utilize the carbon
dioxide, then, this deduction would contradict the conceptlon of A.A.
Grigor'ev concerning the existence of some optimm in the interrelations
between the thermal energy base and precipitation, at which the productive-
ness of plents is at its maximum.

However, it has been noted above that, the hypothesis concerning full
utilization of the possible flux of carbon dioxide should be considered as
erroneous., Therefore the conclusion derived above does not characterize
the actual dependence of productiveness of plent cover on climatic factors.

In order to investigate additional conditions which limit the energy of
photosynthesis and prevent the plent from utilizing the carbon dioxide of
the air to the full extent, attention mst be drawn to results of well-
¥nown experiments which tested the effect of soll molsture on crop yields
and on transpiretion productiveness of various cultivated crops.

The dependency of the transpiration productiveness on soll moisture,
which was derived by Helrigel and corroborated by results cbtained by other
investigators working with various plents show that, under actusl condi-
tions, there is an optimum of soil moisture for the transpiration pro-
ductiveness, and going above or below this optimum level the productiveness
of transpiration drops rapidly.
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region of comparatively large values of parameter ZRT the productiveness of

plants diminished rapidly with the increase of the ratio .LB; Indeed, the

production of natural vegetation is egual to the product of summarized evap-
oration times the ratio of transpiration to total evaporation, times the
productiveness of transpiration. In regions with dry climates, under an

increasing index of drymess .,%- , 8ll three of these values oust diminish:

evaporation - according to the "relation equation” {see fig. 60), the re-
lationship of transpiration and evaporation - resulting from the vegetation
cover discontinuence and emergence of bare soil spots, transpiration pro-
ductiveness - due to TBE rapid decrease in gaseous exchange (succulents) or
the unproportionally great consumption for breathing by the huge root sys-
tem, as compared with a limited carbon dioxide utilization of the small sur-
face of leaves {mostly Xerophytes). As a result of the concurrent decrease
of the three multipliers their product must diminish very rapidly, which is
in full accord with the visual evaluation of plant conditions when passing
from dry steppe into semidesert and desert, and also with the measurement
results of plant production in these geographical zomes (Larin, 1936 /1587,
and others). .

In regions with smeller values of the ratio é , further decrease of

its values should bring about some augmentation in the total discharge of
water for transpiration, however, it is conceivable that, a considerable
reduction in trenspiration productiveness will take place simultaneously.
Under excessive molstening conditions an additional increase in soil
moisture st be necessarily associated with a deterioration of soil
aeration, i.e., with a smaller supply of oxygen to plant roots. At the
same time, a decreasing aeration and excessive moisture in soll bring about
some serious changes in soil formation processes, among which the most vital
for plant development 1s the weakening of the activity of nitrogen bacteria,
As a result of the poor work of the root system and a deficiency in min-
eral nourishment, the plant transpiration productiveness diminishes, and
consequently with a decrease of the smaller values of Lﬂ the general pro-
v

ductiveness of plants also diminishes {though not so drastic as the tran-
spiration productiveness).

Thus, the netural vegetatlion productiveness, in full accordance with
the statement by A.A. Grigor'ev, reaches e relative maxirmm at some optimal
interrelationship of the energy base snd precipitation (i.e., at some opti-

mal value of TR; ), and decresses with a change of this interrelationship
in either direction from the optimum.

For a more descriptive interpretation of these conclusions it is ex-
pedient to offer a geographical sample which 1llustrates changes in the
natural vegetation conditions with verious values of parameter Lﬁ and with

r
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a more or less constant value of " R .

If we examine the letitudinal zone between 48° and 49°N over Eastern
Europe, from 52°E westward to 25°E, we will be eble to observe variations
in lendscape associated with corresponding changes in parameter {lr from

3.35 to 0.75, at an approximately constant radiation balance value. 1)
The effect of further decrease in parameter L_’i on vegetetion cannot be

observed in Europe {westward from 25°E, there are mountainous regions be-
tween 48°-49°N); for this purpose data for North Ameries could be used.
Examining the same latitudinal zome from 106°W esstward to the eastern coast
of Newfoundland, it can be observed that the rediation balence will be some-
what less than in Europe, however, the difference will be comparatively
small,

The general veriation of parameter Lﬁr , along 48°-49°K from 106° to

53°W corresponda to the range of values from 1.70 to approximately 0.30.

The longitudinel distribution of relationship 2 is presented in fig.6l1.

Lir
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T v + T
58 40 B 2 E Longitude
Flgure 61

Longitudipal distribution of the radiational index of
dryness,

11) Pertaining to moist surface conditions see §11.
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This flgure shows:; the relationship for Eastern Europe (curve l), for
the eastern portion of North Americe (curve 2), end the bounderies of geo-
botanical zones. The scale of the abscissa allows us to superimpose the
curves at thelr borderline between forest end steppe in Europe and North
Americe.

Fig. 61 shows that, moving westward from regions with large vealues of
Zr in Europe, which pertain to the boundery of deserts and semideserts, we
will pass, with diminishing values of this parameter, through the semides-
ert and steppe zones, and observe &n augmentation in natursl vegetation
productiveness. Passing from the area with the smallest values of R, in

Lr

the eastern portion of Newfoundlend, epd moving towerds the west, i.e, in
the direction of the parameterts increase, we will transit from a spsrse
vegetation cover of tundra to forests with a productiveness markedly greater
than in tundra.

Evidently, in both of these extreme cases; with very insufficlent mois-
ture in the extreme eastern portion of Eurcpe and with considerable execess
moisture on the esstern coast of Newfoundlend, productiveness of natural
vegetstion 1s very much lower then that in the steppe, wooded steppe and
forest, which pertain to average values of parameter 75 .

Ir

In the three indicated areas productiveness changes less rapidly, snd 1t
1s somewhat difficult to detect the accurete position of maximm productive-
ness from the existing factusl data, which are rather scarce 12),

However, there is no doubt concerning the fact tbat due to diminishing
productiveness with s decrease of the small, and Ilncrease of tbe large

values of Lﬁ, such a maximum, according to the statement by A.A Grigor'ev,

actually exists.

In the above cited papers of A.A. Grigor'ev it was noted that, vegeta-
tion productiveness becomes grester with en augmentation of the hest energy
base, If the relationship of tbe energy base and precipitation remsins at
the optimum. In this cese, with the highest possible value of the energy
base, &n absolute maximum of productiveness is attainmed.

In interpreting the heat energy base conception as the radiation balance
of the underlying surfece for the year, we will give an analysis of this
statement by exsmining the natural vegetation productiveness at a specific
value of R , which will be close to the optimum value, but with veriatle

Lr

values of R .
The available fsctuol dets indicsted thet under conditions of sufficient
precipitation the characterlstice of soil molstening, and vapor pressure

12) It is conceiveble that the meximum of natursl vegetation production is
found not in the steppe zone. According to data given by Clements and
Wever {Jenny 1941) the production of dry matter in virgin steppe of North
America increases markedly from west to east, following the increase in
precipitation.
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deficit of the air, change only slightly with the transition from temperate
to troplcal latitudes (average summer conditions of the forest zone in
temperate latitudes under humid troplcal forest conditions).

At the seme time, further southward, the influence of low temperatures,
which prevent vegetation or decrease the intensity of photosynthesis, be-
comes smaller end smeller, and the vegetation perlod increaeses. Due to the
influence of these factors, the transpiration productiveness in areas with
a considerable radiation balance and sufficient smount of precipitation must
bte, at any rate, not lese than in areas with an inconsiderable radiation
balance.

Since the increase in radiation balance under moist climate conditions
results in repid augmentation of total evaporation, and consequently in a
stronger transpiration {see fig. 60), it is evident that at the same order
of magnitude of transpiration productiveness the nstural vegegation produc-
tion will substantilally increase with the intensive radiation balence if
the precipitation amount is sufficient.

These conclusions are corroborated by the computation results given by
Fageler (1935), who determined that the snnusl production of fresh orgenic
matter in a humid tropical forest reached e very high level: 100-200 ton/
ha,

This value exceeds, nt least several times, the productiveness of forests
in temperste latidues {see the summary of factual date in Jenny's book,
19h1).

The avallable data also corroborate the decrease in natural vegetation
productiveness with the deviation of value Li in sny direction from the

r

optimum value, under conditions of large values of R , l.e., in the tropi-
cal area.

Fageler noted that,with diminishing precipitation,which is related to
the transition from humid tropical forest conditions to monsoon forests and
savanna, the plant productiveness drops down to 50-30 ton/ha per year. At
the game time, under conditions of exceesive moistening in tropical regions
(swnmps), the production of organic matter is also relatively small,

The question coneerning variations in productiveness of natursl vegeta-
tion that accompeny changes in the radiation balance, when the relationship
R has a definite value markedly differing from the optimum, is not so

rl

clear. Such an example would correspond, for instance, to & comparison
between the steppe of temperate latitudes with the steppe of the tropical
zone. -

Under conditicns of insufficlent moistening the augmentation of radiation
balance could be asaociated with lower transpiration productiveness (because
of a higher vapor pressure deficit and other reasons). This may curtail,
to a considerable degree, those amounts of vegetation production which
would have been secured by increased evaporation under conditions of a
constant transpiration rate. .

The above cited data corroborate the close relationship between condi-
tions of patural vegetation development, as well as its productiveness, and
elimatic energy factors.
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It is concelvable that analogous correlations slso exist for such natural
pProcessee as soll formation and exogenous geomorphological developments.

The s0ll formation conditious are determined, to & conslderable degree,
by the vegetation productiveness and the Intensity of the vertlecal molsture
movement in the upper soll layers. The latter value depends directly on
the intensity of runoff, which in turn, is correlated with &limatic energy
factors.

This provides us with reasons to assume that between the quantitative
indices of the belance of organic and mineral substances in soil, and heat
balance conditions,there are definite guslitative relations.

The intensity of exogenous geomorphological process, which is character-
ized by the magnitude of the erosion coefficient is, according to data
given by B.V. Poliskov (1946 /I87/), correlated with soil zonelity. Inso-
far as soil zonslity follows the distribution of the radiation index of
dryness, ve may assume that the level of the exogenous geomorphological
process development depends, to a certain degree, on the indicated climstic
factor. Thus, climatic energy factors exert a deep and decisive influence
on the level of sll patural processes in the outer geographical sphere,
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Chapter V

Heat balance and meteorological effectiveness of amellorative
measures

Among various problems of physical geography, which are now analyzed by
means of an extenaive use of data on heat energy balance, the problem of a
quantitative estimete of the transformation of netural conditions by melio- -
ration should be specifically emphasized. In a series of investigetions,
thet were carried out in recent years, the hydrometeorological effectiveneas
of emelioration measures was calculated from data on heat balance components
this was done for areas of insufficient moistening end regions with 8 sur-
plus of molsture.

The results obtained by these investigations were utilized by the hydro-
meteorological service for melioration works inm various regions of the
Soviet Union.

Computed data and measured values of heat bslance components were suc-
cessfully used in analyzing the hydrometeorologicel effect of amelioration,
which confirms the practical value of the results of recent heat balance
investigations.

In this chapter, two problems assoclated with an estimation of hest bal-
ance for the purpose of studyilng the melioration effect will be interpreted.
The first problem concerns the field protective forest growing, the second-
the application of irrigation in regions of dry climate.

§13. TFleld protective forest growing

At present, 1t is known that the main effect exerted by fileld protective
forest shelterbelts on the meteorological regime in the air layer nesr the
ground is their wind protective actilon.

The protective forest belts diminish wind speed over protected fields end
reduce the intensity of the vertical turbulent air movement in the lowest
eir layer. The latter fact was first discovered and studied in deteil by '
Soviet scientists (IUdin, 1950 LEMJ and others), and constitutes & very
important feesture in the general mechanism of the forest belts' influence on
the meteorological regime,

The weskening of the vertical turbulent movement in the lower air layer
(up to & height of several meters), which is observed on protected fields,
1s expleined by the fact that the forest belt breaks up end destroys air
vortexes which move near the ground surface of open land. Therefore, the
eir flux that penetrates through the forest belt has no sizeable vortexes
at all, which reduces the intensity of vorticity in this stream.

It should be pointed out that this effect will only tske place in forest
belts which can be easily penetrated, and where the air flow can blow
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through rather freely. A dense, impenetrsble forest belt affects air flow
in & different way. A narrow calm zone was observed behind such a belt,
but farther away the wind apeed increased rapidly again and reached almost
the rate thet was observed in the open steppe. In this case no decrease in
the slze of air vortexes was observed in the sir layer near the ground.

These phenomena ere explained by the fact that, the sir flux thet
approaches an impenetrable forest belt ususlly rises somevhat, flows over
the top of it, then Immediately descends on the other side end quickly
restores its initisl structure,

The reduction of intensity of vorticity in the lower layer of the air
over protected fields is of grest practical importance. Recent meteorologl-
cal investigatlions shovw that vortical movements directly affect the develop-
ment of meteorologicsel phenomena: blowing eway snow from fields during the
colder season, and causing the occurrence of dust storms during the warmer
period.

The reduction of intensity of vortical movements (turbulent exchange) in
the proximity of the ground surface is of great importance in eliminating
or weakening dust storms end in the preservation of snow on protected culti-
vated fields.

A diminished intensity of turbulent exchange is also very important in
the preservation of moisture in soil during the warmer season.

The amount of possible evaporation (evaporability), &s well as many other
meteorological factors, depends on the intensity of the turbulent exchange
in the air layer nesr the ground.

All this indicates the need for a guantitetive estimete of the effect of
forest belts on turbulent exchange, in order to determine the hydrometeoro-
logical effectiveness of -various constructions of protective forest belts.

However, there are many difficulties in this task. Due to structural
changes in turbulent vortexes, observed on the fields between the shelter-
belts, it is not possible to determine, for this case, the coefficient of
exchange by using conventionsl methods, which are based on the generalized
theory of Prandtl (see §&).

The attempts to utilize various indirect methods (estimating chenges in
wind speed, etc.) for determining variations of the exchange coefficient in
between the forest belts, did not bring satisfactory results.

At present, the most populer methods for estimeting the effect of forest
belts on the intensity of turbulent exchange are those suggested by M.I,
Mdin and the author (Budyko snd IUdin, 1951, 1952 /&2 & 637), which are
based on the analysis of heat balance components.

Let us briefly outline the essence of these methods.

From equation (38) we can obtain the following formuls for the speed of
evaporation:

Ewtloi—@) (130)

Rz
SF
L
where ' g, , and g, -are specific molstures at levels z, end z,
For the turbulent flux of heat P, as has been mentioned before, the

following formula can be written:
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P==pc,D(8,—0).

The turbulent heat exchange is determined by an equation similer to formula
(130):

p_tz (91—'71) 13y

S5 :

Where ﬂ , and §,— are temperatures st levels 2, and 2.

From these equations we can derive the following relstionship: .

- 0 -6
=% P lgi—~q2) (B —0) (132)

The coefficient of externsl diffusion D could be experimentally deter-
mined by using formula (132) with measurements of eveporation, difference
in temperature and humidity between two levels and difference ip temperature
between the underlying surface and air.

The application of formmla (132) is possible for places located at some
distance from the shelterbelt, since immediately behind the belt vertical
streams of heat and moisture change considerably with height, and therefore
equations (130) and (131) can pot be fulfilled. Experimental data showed
that the helght of the gquasi-stationery sublayer, inside of which relative
changes of stresms in & vertical direction are smell, increases with dis-
tance from the shelterbelt. The height of this sublayer is about 1/50-1/100
of the distance from the windward side of the forest belt.

Obviously, vertical gradlents of temperature and humidity on the protec-
ted field should correspond to the indiceated regularity.

In studies of the meteorologicel effect of forest shelterbelts, parallel
observations are usually carried out in the protected field and open steppe.
This is usumlly done for the purpose of determining the ratio D', where

7]

is the coefficlent of external diffusion on the field between protective b7
forest belts, and D - the coefficient for the open field.
This relationshlp could be determined by formla:

£
E(q

—q) (“;

(133)

vwhere all values with prime marks pertain to meteorlogicel elements on the
protected field.

It should be noted thet these methods for determining chsnges in the
intensity of turbulent exchange are appliceble for ceses with relatively
small vertical gredlents of temperature and humidity in the air layer near
the ground.

In calculating aversge changes of turbulent exchange for a long period,
enother spproximation method could be used. This method is based on use of

197

heat belance equations.
These equations could be written in the form of (see §11):

R — 4538 (6, — 6) = LE+pc,D (8, — 0) +- A
Ry —45'at"(0], — t) = LE' +-pc, D* (0, —0') 4 A7 (134)

where the velues with prime marks pertain to protected field conditioms.

For a sufficiently loug period of time, and for more or less homogeneous
surface and relief conditions in the open field and in the field inside a
square between protective shelterbelts, the differences R —Ry» L{E—E)
and 4 .— A’ will be small in comparison with terms pc,D (9, —s)and 6c, D (b, — 0.
Subtracting one equetion from the other and neglecting the small differences
ve obtain the relationship:

D _ 80 4sa03(_“w—l))

(135)

The second term on the right side of this equation is ususlly consider-
ebly smaller then the first one. This permits a substitution of coefficient

45309
pcnﬂ by its mean value, which will be equal to about l/k for daylight hours

of the wsrmer season. In this case, the last formula could be used in the
following form:

5
=77 -7 (136)

Equations (133), (135) and (136) have been used in caelculatioms of
meteorological effectiveness of various kinds of forest belts (Budyko,
Drozdov and others, 1952 /56/; Romanova, 1954 /I967; and others). Results
of these celeulstions confirmed the sbove cited conclusion concerning the
great lmportance of a penetreble structure of shelterbelts for obtaining
a decreese in the intensity of turbulent exchange.

The investigetions have shown thet behind an easily permeable shelter-
belt the intensity of turbulent exchange is reduced to the greatest degree
at some distance from the shelterbelt, usually this distance is from 5 to
8 H(i.e., from § to B times the height of belt H ). At greater distences
from the velt, the air stresm flowing over the shelterbelt graduslly de-
scends and mixes with the lower layers of the atmosphere. Consequently,
the turbulent exchange gredually increases end at a distance of about 30H
it reeches an intensity, which 1s epproximately equal to that observed in
open fields.

Behind & not easily permeable belt, the zone of weak turbulent exchange
appeared to be considerably smaller, and it was often observed that, at a
distance of 10-15f from the shelterbelt, the turbulent exchange did not de-
crease, but was even somevhat more intense,

Celculstions of M.I. IUdin and other suthors, using the method outlined
above, showed that for shelterbelts of a most permeable and effective con-
struction, the ccefficlent of turbulent exchange in the lower air layer de-
creased, on the average, by 30-35% st a distance reaching up to 10 H from
the shelterbelt,
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These calculations have led us to the conclusion that, the mean decrease
of the coefficient of exchange in the large squares between the shelterbelts
approximating an area of 100ha, will be equal to 10-20%, dependent on the

_ height of the trees of the shelterbelt. For the small squares, 20-30ha, the
decrease of the exchange will reach 25-30%.

Quantitative data, obtained in this manner, showed an increase of the
coefficient of external diffusion D on sheltered flelds, and permitted a
calculation of the effect of shelterbelts on possible eveporation( evapora-
bllity). For this purpose we have used the complex method, outlined above
(see§ 11), which is based on data of the heat balance on the earth's sur-
face.

The principle formulas of this method, when neglecting the heat exchange
in soil, will ve:

Eg=pD(g;—9) ’ a7y
Ry — 45987 (8, — 6) = LpD (¢, — ) +p¢,D (6, — )

It should be remembered that by applying the second of these equations
and using the well-known physical relationship between b, and g, , we can
find value ¢, , and then, by using the first formula, determine the evap-
oration.

Here the value of evaporation is a function of the four principal mete-
orological factors: radiation balence, which is computed from asir tempera-
ture R, ; air temperature g ; humidity 4 ; and the ccefficlent of external
diffusion D .

By using equation (137) it is not difficult to investigate the nature of
the reletionships associating the value of possible evaporation with the
factors cited above.

The dependence of the heat amount, that would be lost for the potentially
possible evaporation LE, , on radiation balance is presented in fig. 62. It
is apparent that this value - the amount of heat lost for potential evapor-
ation - 1is actually proportional to evaporability. Corresponding calcula-
tions were accomplished for the mean temperature and humidity of the air in
spring (from March 15 - May 15), summer (from May 15 - August 15) and autumn
(from August 15 to October 15) for the central Ukraine and vestern part of
the North Caucasus (Budyko, 195ia /L57).

The changes of values LE, as dependent on values of R, are shown in fig.
62 by curves marked 1, which are almost straight lines, and the actual
values of R, are shown by dots, They pertain to certein regions and
seasons.

The distribution of dots in relation to line 2, which is the line showing
the coinciding values of LE, and Ry , indicetes that in spring, the amount

of potential evaporation is somewhat smaller than Ro » in summer it almost
L

reaches value % » end in the autumn it exceeds this value slightly. The

sum of evaporability for all three seasons totels, in both cases, approxi-

mately 90% of value %9 .
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Figure 62

Relationship of heat expenditure for possible evaporation LE,
in kg-cal/cm?/month with the rediation balance Ro in kg-cal/cm?/month.

It can be deduced, from fig. 62,that with & variable radiation balance,
the expenditure of heat for potentlally possible evaporation could be larger
than the radiation balance (curve 1 rising sbove line 2) and smaller than
its value (curve 1 below line 2). Since, when the value of LF, is larger
then R, , in the air layer near the ground, a temperature inversion takes
place (the evaporating surface receives additional heat by turbulent ex-
change), and with a converse relationship, there will be a superadiabatic
gradient in the air layer near the ground. It is obvious that the changes
of values R, will affect a change in the turbulent exchange, i.e., in
value p .

__ There are many reasons to sssume that at R,>>>LE, the actuel values of

D , over en adequately large evaporation surface, will be larger than the
value pertainlng to average conditions of the equilibrium state of the lower
layer, and at R <€ LE, the velues of D will be considersbly below the
average. This 1s effected by the ventil mechanism of turbulent heat con-
ductivity in the air layer near the ground.

As a result of this, portions of curve 1, on the graph, which are located
higher thap line 2, must fall lower when approaching line 2 (but of course,
can not sink below it), whereas the portions of curve 1, which are located
below line 2, must rise correspondingly.

Thus, the actual dependence of LE, on R, must be characterized by some
curve located between lines 1 and 2 in fig. 62. This dependency, in a
large interval of R, , will differ only slightly from the epproximate
equality of LF, to values of Ry » which confirms the conclusion made in



chapter IV, concerning the determining significence of the radiation balance
value for potentisl evaporation.
A close relationship of evaporability end radiation balance can also be
seen from fig. 63, which presents the annual march of values £, and |_R_n for
L

the warmer season in the Northern Caucesus {calculations made for the Cen-
tral Ukraine give very simllar results)., This figure shows that the forms
of the curves of the snnual march of £, and Ry are exceedingly similer,

L
the only difference being the shifting in time, which results from the fact
that in spring £, is somewhat smeller than % , and in autumm a little
larger. By taking into account the effect of the cheange in stebility on

the coefficient of exchange, the curves of £, and Ro' will be brought
closer. L

s

£, 4% om/month . _ «

Figure 63

Annual variations of evaporabilify and radiation balence

The relationship of evaporability to the mean daylight hours temperature
of the air, as calculated by the above formulas for average conditions of
air humidity snd temperature during apring and summer in the Central Uk~
raine, is presented in fig. 64 in the form of reclining curves, approaching
straight lines. Values of evaporability that correspond to actually ob-
served values of mesn temperatures, in this cmse, are marked by dots on the
curves, ;

The values of evaporability equal to the relationship of Ry to the lat-
ent heat of evaporability are also shown in fig. 64, in the form of hori-
zontal straight lines.

If the value of evaporability, determined from fig. 64, turns out to be
lerger than the value of R, , then an inversion of temperature takes place

L

201

over a sufficiently large surface; if the value of eveporability 1s marked-

Rq
ly emaller than T , then superadiabetic gradients are established. Accord-
ingly, in the first case, the coefficient of turbulent diffusion will de-
crease, which in turn will affect a diminution in evaporability, and in the
second case, the coefficient of diffusion will grow, end by so doing in-
creasing the evaporability. This will result in a rise of the left portions
of the reclining curves in fig. 634, and in & lowering of the right portioms,
vwhich shows that the actual dependence of evaporability on air temperature
turns out to be considerably weaker than those shown in fig. 64.

Egenm/month

20

s N

s uime

nr

5 L

w15 20 25 30,
Egcm/month
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5

0

3w B 2%
Figure 64

Relationship of evaporability with air temperature

Thus, the effect of the stability om turbulent exchange in the air leyer
neer the ground changes the dependence of evaporability on radiation bal-
ance, rendering it very close to a direct mroportionality, and the depend-
ence on air temperature turns out to be comparatively weak;when eir tem-
perature varies within relatively wide limits the value of evaporability
stays approximately equal to _I;Tg

However, it must be pointed out that, according to data for the Ukraine

1) It is necessary to emphasize that dependence of evaporability on tem-
perature is here analyzed by taking into account a constant value of radi-
ation balance. The general effect of temperature on evaporability (con-
nected with the close dependence of the sums of temperatures on radiation
balence, see § 11) is quite substantial.
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lose
and the North Caucasus the value of evaporability is, on the average, c

to the value of & even when the effect of stabllity on the exchsnge is
L

into account. N

nOtTth:kzg’.a.ri.fication of the problem cg::e?i;gt;:ee?rz;::zbﬁiigeﬁiﬁinf
blishment o
on evaperability requires an esta mear the grownd
henge coefficient in the air layer )
Sbigh;zet?; ?}: foﬁr principal factors which exz;:tan bzii:czz r:g i:gﬁ:r:':i-
, 8, g, D)are only slightly affected by s: er

tlx;:g(f;iéufznd) from air temperature data, air temperature ,1and 111:::1::::1)‘ ),( :
but the fourth factor - the coefficient of outer diffusion-is qu:

d. R
Bblg‘h:h;zg:ndence of the evaporability values on coerﬂcient.: D, wasrc:id
culated by equation (137) for average conditions during spring, s\;mu;: o
auturmn in the Central Ukraine and North C: , &nd is pr 8.

65.
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Figure 65

Relationship of evaporation with the coefficient of
external diffusion,
a)- Central Ukraine, b)- North Caucasus

As a result of the given data, in a wide range of changes in value p ,

)Y 1ightly changes during various seasons. Hence,
the value 5 oD only slightly -
i ith verious absolute
lude that, under diversified conditions w: )
::l:g zgncbu s the ;;.nfluence of a certain decremse in the exchange coeffi
clent on the relative decrease of evaporability will be more or less :qual
- about 10% with a decrease of D by ()).l cn/sec (somewhat more in autumn,
little less in spring and summer). ~
andB; considering the available date on variations of the turbulent ex.
change in the air layer near the ground, which are effected by forest .
shelterbelts, we can deduce that for large fields (about 100 ha) protecjte

(
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by forest belts, evaporability will decrease by 7-10%. For smaller squares
b?tween l;.he belts, approximately 20-30 he in size, the decrease in evapora-
bility will reach 12-15%,

Similar calculations of the decrease in evaporability, as effected by
ft?rest shelterbelts, have been used for evaluating the meteorological effec-
tiveness of forest belts of various structure, and also for d,eterminiug the
effect of forest belts on irrigation norms needed for irrigating fields pro=-
tected by forest belts,

Besides reducing evaporability, shelterbelts promote an augmentation in
sSnow storage on fields and also some increase in the precipitation amount,

_The effect of these factors brings about a considerable gain in goil
moisture of protected fields,

. For a quantitetive evaluation of soil moisture changes in protected
fields, the combined anelysis method of water and heat balances on the
earth's surface can be applied,

Similar calculations were made by the author (19500 /DJ) They were
based on the following conclusions. -

Let us present the equation of water balance in this form:

o
, —GF=E—r4f, (138)
where T':' - is the speed of the water amount changes in the upper layer of

the lithosphere in the course of time,

For a sufficiently large region, the value of f cen be assumed as equal
to the river runoff » which is measured by the network of hydrometeorological
stations, as well as the rate of precipitation ~» ., The Possibilities for
J}uirect measurement of the two other terms of the water balance equation
27 and E) are limited, end due to this for the purpose of solving equation
(138), it is desirable to esteblish the relations of these terms with ob-
served hydrometeorological parameters.

For this purpose we use the formula which shows the relationship between
the speed of evaporation and soil moisture, which was derived in § 5 ana
bas the following form:

E-_—.E‘,%, (139)

where w, - is the ecritical value of soil moisture.

For determining evaporation E, we use formulas of the complex method
(see § 5), which include the heat ‘balance equation.

As a result of a combined use of the indicated relationships we obtain

H o
the formulas _?::lzpp(%__q)_%_r_‘_f
(140)
Ro=LpD (4, —q) 5 +8De, (8, — 6) - 3,6a1* 9, — 1)
'

to which is added the known physical relationship of 9, and b, determined
by the empirical formula of Magnus or by tebular data.

For comparatively small values of mean differences between the tempera-
ture of the underlying surface and the eir, the relationship of q.(05) could
be presented in the form of:

-



204
3g.(8)
,82) =4, (8) + (8, — ). (1)
Using this relationship and formulas {140) after excluding the value 9, ,
ve obtein: {Oq,(ll) D 3t }
Ry + [q,(8) —q] (ec, ,Gol
5 Ro+ [as ] (#p ).(142)

dw ) w
—=/—r+D
o b Lo L %ﬁli»ptlp 43,6003

which determines soil moisture changes, in the course of time, by means of
messured hydrometeorological parameters and some physical parameters.

Equation (142) can be integreted from the initial conditionsw=wati=0,
and assuming r, f, §, g, Ry , 85 definite functions of time. In this case,
for the period of integration these values could be considered as approxi-
mately constant, then after integration we obtain an equation, which can
be only applied to those cases where the difference between 8, —8 , is not
too great. As quantitative evelustions have shown, this conditlon is not
always fulfilled. Furthermore,this equation is rether cumbersome and in-
convenient for numerical calculetions.

Due to this, in prectical calculetlas of changes in the weter balence
of soil, it is expedient to use another method in solving eguation (140).

In evalueting the errors, it cen be established that in calculations of
changes in soil moisture for periods on the order of decades and months, it
is usually possible to substitute the derivative ";: in equation (140) by e

definite difference, without causing any reduction in accuracy. Then, simi-
ler to the manner suggested in § 5, it can be assumed that . =Wx+’”z'and

consequently: 1 2
W= Wx=EPD(q;—4)(W,+W3)—r+f, (143)

Ry= ﬁ LoD (g,— 9) (@, + @,)+ (pDc,, + 3,6a8) (B, — ),  (144)

where @, end @, - represent soil moisture at the beginning and end of one
period of time.

By excluding value ., from equations (143) end (144) the value 6, cen
be determined {by using certain data concerning the dependence of g, on 0, ).
Then, from equation (143), the value of w, is found from velues of measured
hydrometeorolegical perameters and from the initiel moisture @;. Having
calculated value @ for the first time intervml, it is obviously possible
to continue calculations for the next interval (teking the determined value
of @, for the corresponding nevw value of ®; ), and in this way s sufficient
number of points can be obtained for constructing the curve of soil mois-
ture variations for the period in question.

Simultanecusly, annual variations in eveporation will be established,

Samples of such calculetions, for some reglons of insufficient moisten-
ing, sre presented in the author's works (1950b =nd others /B4/).

Utilization of equations (143) end (144) mlso permits us to solve the
problem of quantitative calculations of the effect exerted by forest
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shelterbelts on the soll moisture regime.

For this purpose, when solving equations (143) and (1hh), data of changes
on protected fields in hydrometeorological parameters should be available,
These parameters are: the coefficient of external diffusion D ; precipita-
tion r § runoff f ; temperature 6 ; air humidity ¢ end radiastion balance
R, , computed from air temperasture.

In evaluating, by equations (143) end (1u4), the influence of possible
changes, in the above mentioned factors, on the regime of soil molsture end
evaporation in shelterbelt regions, 1t cen be esteblished that changes in
some meteorologlcal elements cannot noticeadbly affect the soll water bal-
ance. Consequently, in the calculations we can use spproximete values of
these chenges or ignore them completely.

The finished celculations show thet, the strongest influence on the soil
moisture reglme and on average conditions of evaporation in protected filelds
must be exerted by changes in runoff f » by changes of the coefficient of
external diffusion D and precipitation r .

Numerous observatlons have shown that, on fields between shelterbelts,
the runoff of snow melt waters 1s considerably reduced. This reduction is
wainly explained by different conditlons of smow cover distribution. in pro-
tected flelds, ms compared with unprotected ones; on protected fields be-
tween shelterbelts, the reduction in wind speed and turbulent exchange in -
the air layer near the ground creates favorable conditions for a regular
distribution of snow cover, whereas, on open flelds the larger portion of
snow 1s drifted 1lnto ravines and other depresslons of relief, and after
melting, the mejor part is spent for runoff. Furthermore, the higher in-
filtretion capacity of soll under forest belis essures somevwhat greater
retention of melt waters in protected flelds, ms compared with open spaces,
which also reduce spring runoff of snow waters in this reglon.

As has been noted ahove, the coefficient of external diffusion in the air
layer neear the ground, on protected flelds, is usually smaller than in open
spaces. This noticeably effects evaporability and evaporatlon as well.

A definite effect on water balance of soll, in protected fields, cen be
also exerted by changes of precipitation amounts, which are brought about
by the alteration in the intensity of vertical streams in the etmosphere
over forest belts and by differences in eveporation.

For evaluation of the general effect of changes in indicated hydromete-
orological factors on water balance in soil, equations (143) and {144) can
be used when the values of the coefficlent of externmel diffusion, runoff
and precipitation, characteristic of conditions under which field protec-
tive shelterbelts grow, are taken into account.

Calculations accomplished by this method have indicated that, on pro-
tecced flelds, a considerable increasé in eoll moisture takes place, and
evaporation 1s also somevhat eugmented, The increese in soil moisture,
85 snalyzed in its ennual march, 1s of a variant nature, according to
various conditions of turbulent exchange,runoff and precipitation.

In the case when, together with e considerable retention of the melt
waters runoff, the shelterbelt system also drestically diminishes the
turbulent exchenge in the summertime and markedly increases precipitation,
then soill moisture increeses not only at the heginning of the growing
season, but also in its second half.
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However, in case (@s often happens) the effect of the shelterbelts is
exerted mainly in an incremse of snow storsge and in diminishing spring
runoff {"the winter effect"), then, as the solution of equations (143) and
(14k) has shown, soil moisture increases only in spring and at the beginning
of the summer season.

The augmentation of productive soll moisture in this case may be on the
order of tenths of per cent of the soil moisture emount absorbed in open
fields, provided all other conditions are equal.

These statements are well confirmed by observational datae.

A considerable increase in the emount of free moisture in soll, snd
greater general eveporation might contribute to e larger yield of crops
under sverage climtic conditions. The augmentation of yields will be
determined, above ell, by an incresse of the productive trenspiration of
plants (which will also be favored by the lesser exchange and lower wind
speed in the elr layer near the ground)., Furthermore, under conditions of
soil molsture increase, the relationship between the amount of water spent
for transpiretion end genersl eveporation must elso be larger and this will
substentielly increase the yields of cultivated crops, provided that the
geperal evaporation also increases.

Thus, application of shelterbelts, even without using other additional
agrotechnical messures, may Secure a considerable chenge in water balance
of soll snd may markedly increase the ylelds, vhich, as it is well known,
is confirmed by results of numerous experimental investigations.

It should be remembered, however, that the effectiveness of the shelter-
belt system 1s variasble ip wide limits, depending on the structure of shel-
terbelis end weather and climate conditions.

The application of data on the heat end energy belsnce permits us to
calculate the effect of sheltertelts on such important indices as varia-
;iorlzz in turbulent exchange, evaporability and soil moisture in protected

elds.

§1k. Irrigation

On fields protected by a shelterbelt system, the components of heat bal-
ance change only slightly. Therefore, the evaluation of meteorologicel
effectiveness of shelterbelts is based not so mich on the estimates of
changes in hest balence components under melioration conditions, hut on
%he absolute values of these components. ’

Quite contrary to this, the application of irrigation in an
results in considerable chenges of the heat bBlEncg components 8:;3 :i:‘::tﬁ
fore, the evaluation of the effect of irrigetion on the meteorc’ylogical re-
gime must be besed on, not only the absolute values of the belance com-
ponentf, but also on the estimate of thelr changes.

Irrigation, as applied in dry steppe, semidesert, and desert aress
brings ebout, ebove all, a substantisl increase in radiation balance ’vhich
may reach up to end exceed several tens of per cents of its initial \’mlue
This scomewhat paradoxical fact was esteblished long ago by A.A. Skvortsov.
(1928 /2117), end since then it has been confirmed many times by results of
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researches and calculetlons.

The increase of radimtion balance caused by irrigation is expleined by
greater absorption of short-wave resdiation, which is the result of & de-
creased albeda. The albedo of moist soil, covered with more or less sbun-
dant vegetation, is markedly lower then the albedo of semidesert or desert
surfaces.

On the other hand, the lowering of the surface temperature and the higher
humidity observed in the air layer near the ground under irrigation condi-
tions results in a lower effective resdietion, which elso contributes to a
greater radiation balance.

Irrigation, when used in e dry climate,results in a rapid Incresse of
the expenditure of heat for evaporation, the value of which is mainly
determined by irrigation norms. The usual irrigetlon norms sugument losses
of heat for evaporation, as m rule, in such a way that it exceeds the gain
in radietion balance, snd therefore the amount of turbulent heat emission
markedly decreases and reaches, with sufficiently large norms of irrigetion,
the negative values which correspond to the average direction of the tur-
bulent heat flux from the atmosphere to the underlying surface. This is
manifested in the appearance of temperature inversions during desylight hours

Thus, irrigetion in dry climetes considerably reduces the general heat
flux from the underlying surfece into the atmosphere. This 1s due to the
reduced turbulent flux {which cen even chenge the sign}, snd also the dimin-
ished heat flux transmitted by long-wave radiotion. In cases where irriga-
tion 1s spplied to sufficlently large surfaces, this might result in signi-
ficent changes of conditions effecting the air mass trensformation in the
glven reglon.

As a typical sample of a chenge in heat balence components, effected by
irrigation, we present here & scheme of changes in the heat balance for
averege conditions during summer in the southern Lower Vol reglons vhere
the irrigetion norm wes 10 gm./cn? fmonth, 1i.e., 1000 m3/ha/month, (fig. 66).

%4/ Solar \f
Nonirrigeted area /Tediation Irrigated ares

Outgoing eff. |
6} radidtion M Absorbed solar

rediation s
Radiationalf[s l 1z ,|Radiational
balance balance

4 +;Expenditure of heat

Outgoing el f
radi

! Turbulent Turbulent tifor evay
Expenditure of he&? \, ¢'heat emission |hest emission: P .
for evap. WM> S SIS ekt
Figure 66

The effect of irrigstion on the hest balance in the Lower Volga
region (the co:sonents of the rsdiation and heat bslances in
kg—csl/c /month rounded out to whole figures).
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As can be seen from this scheme, irrigetion in this case, accomplished
an incresse of radiation balance on the order of LU, which is due to e
marked reduction of the albedo and of the effective outgoing radiation sums

(aveileble dats showed that, in case of sufficiently abundent irrigation in
deserts, a stlll greater relative increase of radietion balance cen be
achieved).

A considerable incresse of heat expenditures for evaporation results,in
this case, in nullification of turbulent heat emission from the underlying
surface to the atmopshere and a reduction in half of the total heat influx
from the underlying surface to the atmosphere (the sum of turbulent heat
emission and effective outgoing radiation).

Similar effects cen be seen from observational data obtained by an ex-
pedition to Pakhta-Aral (D.L. Lafkhtman lead the investigations). Results
of these observations, presented in figs. 67 end 68, permit a comparison of
the heat balance components,in the irrigated oasis with the surrounding
semidesert area, in their diurnsl march.

1/30 _cal/cmz/min

Figure 67

Diurnal varistions of radlation balence in an irrigated
oasis and in a semldesert 1- oasis, 2- semidesert

Data in fig. 67 show & much greater gain in radietion balance R of the
ossis compared to that of the semidesert, during daylight hours. As cen
be seen in fig. 68, in the oasis a greater loss of heat for evaporation LE
from irrigeted fields is observed (in semidesert the evaporation for the
analyzed period preactically equalled zero}. The turbulent heat flux P in
the desert is much greater than that in the omsis, and during daylight hours
hes an opposite sign {in the oasis it is directed to the earth's surface,
amiin the semidesert - to the etmosphere from the earth's surface).

The heat exchange in soil A only slightly changes, under these condi-
tions.

4 ca1/en?/min
4

Figure 68

Diurnal variations of the heat balance components
in en irrigated oasis and in a semidesert.
1- oasis, 2- semidesert,

Determination of the heat balance components on irrigated fields permits
us to evaluate changes in temperature conditions under which the development
of cultivated plents takes place. In Agrometeorologicel investigations,
characteristics of the therms)l regime of plant development - the sums of
temperature and other indices - are usually determined from data on air
temperature observed in the English screen. It is assumed that e more or
less constent relationship exists hetween air tempersture in the screen and
the actual plant temperature.

It is easy to estmblish that with the use of irrigation the relationship
betvween air temperature of the daylight hours and the temperature of the
underlying surface markedly changes; on nonirrigated fields in a dry climate
the daylight hours temperature of the underlying surface 1s, on the average,
higher than the air temperature by 10°-15°C end even more, but sfter abun-
dant irrigstion, when an isothermal condition or temperature inversion is
established over the irrigated field, the surfece temperature will not be
higher then eir temperature during daylight hours. Consequently, on well-
irrigated flelds, the factual average daylight hours temperature of s dense
vegetation cover can be considerably lower than the temperature of a non-
irrigated active surface.

In connection with this, the evaluation of changes in the temperature
regime affected by verlous norms of irrigation, 1t 1s expedient to utilize
data on temperature of the underlying surface (the active surface), which
in case of a more or less denser vegetation cover, 1s closer to the factusl
average temperature of the plants than the air temperature in the meteoro-
logicel screen. Due to the fact that a satisfactory reliable and universal
method for measuring the surface temperature is still nonexistent, the
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heat balance formula can be used for determining this temperature in the

form of: LE

Ro—
e v = (145)

When irrigation is applied to a comperatively small and isolated sur-
face, temperature lapse rates over this aurface are only changed inside a
rather thin layer, and the effect of irrigation, applied to small limited
plots, on the intensity of turbulent exchsnge will be very small, There-
fore, in calculations using formula (145), when made for small irrigated
plots, the values of D can be used without accounting for its changes
effected by irrigation. The value LF , on the average for a more or less
longer period, is determined by norms of irrigstion and amounts of pre-
cipitation; R, can be determined from data of special balence observatlons,
or by utilizing indirect methods of calculation which, by now, are suffi-
clently well developed (see chapter IT).

Thus, by means of formula (145), it is possible to calculate factual
temperatures of the active surface without irrigstion, and also with
irrigation applied to limited plots.

Considering the fact that the changes in air temperature, which are ef-
fected by irrigation, are considerably smaller thsn changes in the plant‘s
temperature (A.A. Skvortsov, 1928 /2117 and others), the change in average
daylight hours temperatures of the underlying surface effected by the
irrigation can be approximately determined by using formula (145) 1in this
mannexs (Ro— Ry} —(LE— LEY)

b, —8 =

-~ 146
v e (96,0 +353) ’ (146)

vhere values pertaining to irrigated plot conditions are marked by the
prime mark, and values for nonirrigated plots are given without it. 2)

In c¢alculations of chenges in temperatures of the underlying surface for
sufficiently large irrigated plots, by using formula (1L6), the dependence
of the turbulent exchasnge intenslty on variations in the thermal stratifi-
cation of the air leyer near the ground must be taken into account. This
can be done by using additional data, which can be obtained from special
experimental investigations (for instance, from data of the mentioned ex-
perimental investigation in the Pakhta-Aral oasis).

In addition to the calculation of average changes in the heat balance
components for long periods (a month or so), end associated changes in
temperatures, it 1s also of considerable interest to estimate changes in
heat balence that sre effected by irrigation in shorter time intervals, It
is particularly interesting to investigate the dynemics of changes in heat
balance after an application of irrigation as associated with desiccation
of soil,

For calculating the chenges in soil moisture, evaporation and the prin-
cipal components of heat balance, as effected by irrigation, formulas

2) It should be indicated that formula (146) can also be used for calcu-
lating the temperature of the active surface of slopes in various aspects,
and also for solving many other microclimatic problems,

211

derived in § 13, (143) and (14%4), can be used.

The mt-_:thod of this calculation does not essentially differ from that of
calculating changes in the water balance of soil without irrigation; only
one term determining the incoming moisture from irrigation is added to the
equation of water baslance.

As an example of determining changes in evaporation and soil moisture,
effected by irrigation, we here show results of calculations made for
specific conditions of the summer of 1936 in the Sarstov reglon.

Results of these calculations are presented in fig. 69, which shows
veristions in ten-day mesns of the principal heat belance components for
the surface of & cultivated field (rsdiation balance R » expenditure of
heet for evaporation LEF , turbulent heat emission P., snd also quantities
of productive moisture in the upper layer (1m) of soil w), vas calculated by
the above mentioned equations for the warm period in Saratov (the solid
lines). The theoretically determined heat belance components and the dy-
namics of soil moisture with two applicetions of irrigetion {on May 20 and
June 20, using & gr/er® 1in eech case, i.e., 600 m3/ha) are represented by
dotted lines. This calculation shows that, as & result of irrigstion, to-
gether with & rapid increase in the amount of productive moisture in the
soil, expenditure of heat for evaporation grows significently,turbulent
heat emission diminishes, and the radiation balance slightly rises.. These
changes are greatest immediately following irrigation, and later they
graduelly diminish,

3
v wr ym X Months

Variations of ten-day mean values of moisture content in soil
and components of heat balance in the course of time. Saratov, 1936.
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Similar calculations can be used for working out standa!_‘d.norms of irri-
gation, with due consideration to westher end climate conditions. .

For various steges of crop development, certein conditions of soil mois-
ture are required. When the moisture content in the soil diminishes below
required values, then, the yield, ss a rule, is considerably reduced.

Taking into account the amount of soil molsture vwhich is required by
plants during various steges of their development, we can calculate the
amount of’water which is necessary for securing & sufficient soil moisture,
under certain weather and climate conditions,by using the above equations.
In this way the stendard norm of application will be determined.

A simpler, but also a more schemstic way to sccount for the effect of
weather and climate factors on morms of irrigation is the following.

With sufficient soil moistening the evaporation is, on the average, close
to the evaporability value. Accordingly, ve may assume that, for agricul-
tural crops requiring sufficient mifgure, the norm of irrigation must equal
eveporability minus precipitation. A similar method of celculation wes
used by S.A. Sapozhnikova {1951), A.M. Alpet'ev {195k /127) and others.

It could be taken for grented that such s method gives the most accurate
results when calculating evaporability by the complex way, taking into ac-
count the effect of radistion balance on the process of evaporation and elso
the effects of sir temperature, air humidity end turbulent exchange as vwell,
For desert and semidesert climates, it is expedient to evaluate the influ-
ence of irrigstion on temperature end humidity of the air, which somewhat
changes the evaporation in oases of considerable dimensions.

For those crops which do not require high soll moisture during certain
periods of development, & similar calculation method could be used, assuming
that for particular time intervals the necessary eveporation comprises &
certain portion of evamporability. Such a method for calculating norms of
irrigation has a semiempirical cheracter and requires, together with utili-
zation of data on evaporation, an estimate of certain factual data on ex-
pedient norms of irrigetion, et least for some regions.

Aside from accounting for the effect of weather and climate factors on
norms of irrigation, date on heat belance are necessary for calculating the
changes of air temperature and humidity in irrigated osses. These calcu-
lations have been done by M.I. IUdin, D.L. Leikhtmen and other suthors.
They are important for solving meny questions in the agrometeorology of
irrigsted fields.

As can be seen frowm 8ll that has been said above, utilization of data on
heat and energy balance 1s of a positive importance in clarifying the effect
of irrigation on the meteorological regime and in evalustion of the effect
of meteorologicel factors on norms of irrigation.

3) The loss of water for infiltretion into deeper soil layers must be also
teken into sccount. This loss can comprise 20-30% of the irrigation morm.
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Chapter VI

Heat and water balances of the earth

Date on geographical regularities of heat bslance componments, described
in vhe preceding chapters, permit us to determine the heat and water bal-
snce for the earth ms a whole, and for the latitudinel zones as well.

Calculaetions of thia kind have been made before, but only in & schematic
way and by methods of an insufficlent correctneas. All this bhas limited
accuracy of determined values for heat and water balance components. Cal-
culations, accomplished by the author (1949b /k2/), cannot be regarded as
being quite reliable either, since at that time world maps for the heat
balence components of the earth’s surface were not available, Only after
completion of & series of world mwaps for heat balance components by the
Central Observatory did it become possible to make a more accurate computa-
tion of the heat and water balance of the earth.

These data are of a definite importance in determining the genersl laws
governing heat and moisture exchange in the outer geogrn;:hical medium,

§ 15. The heat balance of the earth

The preceding investigations of the earth’'s heat balance were mainly
concersed with determining the heat balance components for the earth -
astmosphere system, i.e., with caelculsting the heat balsnce components for
the earth as a planet. Due to this, the data on average values of heat
‘baelance components of the eerth's surface vere comparatively scarce. They
were found in inveatigations of Baur and Philipps (1935), in the papers of
the author (19%9b LE2 ), Houghton {1954) and some others.

These calculations of heat balance are not based on world maps of heat
balance components. Therefore, the use of world mepe of beat balance,
which now constitute the Atlas of the Heat Balance {1955 LI57), rermits us
to complete and mske more accurate the calculations of the Even:ge values
computed earlier,

The mean latitudinal values of the heat balance components, for land
surfaces and oceans, and also mean velues of the heat balance components
for the whole surface of the earth ere given in teble 1%. The data pre-
sented for the region between 60°N and 60°5 are obtained from data which
were directly used for the construction of maps of the above mentioned
atlas, For calculations of the balance components which pertain to the
entire surface of the earth, approximate values of the baleance components
in the Arctic and Antarctic regions were edditionally determined. Since
the indicated regions cover a relatively small portion of the earth's sur-
face, the inaccurecy of these additional calculetions could not effect, to
any substential degree, the mean values of the balance components for the
entire surface of the earth.
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Table 14

Mean latitudinal values of the heat balsnce components of the
earth's surfece in kg-cﬂl/cmz/year‘
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The comparison of dste in teble 14 with those given in the author's work
{19Lgb _/_E27) shows that besic qualitative relations in the distribution of
heat balance componerts, found in this investigstion, are well confirmed by
+the pore accurate calculations. At the same time, meny quantitative velues
of the balance components were grestly changed ms a result of using new
deia,

Tmms, in perticular, the new calculetions glve smeller values of radia-
tion belence in higher lestitudes on the lend and ocean and lerger values in
lower 1stitudes for the ocean. As a result of this a marked increase in
differences of mean values of radlation belance for the earth ss s whole 1s
observed between high 2nd low latitudes.

Yalues of turbuleni heat emission from the ocean surface to the etmos-
ohere and losses of heat for evaporation ere somewhat greater than those
given in tbe psper of 1949, Velues of turbulent heat emission from the
1=2nd surisce to tbe simosphere turned out to be somewhot greater, but in
higher Iatitudes - merkedly smaller. The mean latitudinel redistribution
of beat by see currents ( term A ) incremsed somewhot in its absolute value
apd The chenge in velues of this term with lotitude became more regular.

Wow, let us point out some deductions pertoining to choracteristies of
the lgtli}tudjml distribution of heat balance components that result from
teble 1k,
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The total radiation, increasing regularly from higher to lower latitudes,
on land as well as on the ocean, has 1ts meximum not et the equator but in
belts of high pressure near the 20° latitudes, The equatorial minismum is
apparently explsined by the considerable increase of cloudiness at the equa-
tor.

The radiastion belance on land, as well aa on the ocean, grows repidly
with decreasing latitude only in temperate zones, while in tropical reglons
its value is only slightly dependent on the latitude.

Expenditure of heat for evaporation on the land and ocean changes with
letitude in a different way. On land, the greatest evaporation is observed
at the equator (where the great precipltation amount assures sufficient soil
moisture), while in latitudes of the high pressure belt evaporation dimin-
ishes rapidly, due to prevalent dry climatic conditions. Contrary to this,
on the oceans, maximum values of evaporation are observed in the high pres-
sure belt, where the inflow of solar energy 1s especially great., In the
proximity of the equator the evaporation from the ocean markedly diminishes.

Turbulent heat emission from the ocean surface to the atmosphere is com-
paratively smsll in-all latitudes. Its values lncrease somewhat with higher
letitude due to & growing slgnificence of warm currents which warm the air
in the cold season.

On land, turbulent heat emission 1s considerebly greater, with mexirmum
values 1n the high pressure belts where expenditure of heat for evaporation
is lower due to the arld climate. '

Many interesting features are present in data on the distribution of
component A , which cheracterizes latitudinal values of the heat flux be-
tween the ocean surface and deeper layers, as lnfluenced by sea currents,

As is seen in table 1k, on the average, oceans sbsorb heat in lstitudes
approximately between 20°S and 30°N. In higher latitudes this heat is emit-
ted, introducing en important factor in effecting & milder climate of tem-
perate and higher latitudes during the cold season.

The lest line in teble 14 shows that & unit of the land end ocean surface
actually recelves an equal amount of total rediation. The radlation balaence
of the ocean surface is, on the aversge, greater than that of the lend,
which is due to the smaller values of the elbedo for the oceen and a smaller
(on the averege) effective outgoing rediation.

The expenditure of heat for evaporation, from & unit of surface on the
ocean, is noticeably greater than on lend due to the ebeence of the limiting
effect of dry climate. Consequently, turbulent heat emission from the lend
surface is approximately twice ss great as heat emisslon from the ocean.

A noteworthy conclusion from the given date is the statement that the
turbulent heet flux in all latitudinal zones (from 60°N to 60°S) is directed
from the earth's surface to the atmosphere on lend as well as on the ocean,

It was not long ago when in meteorologicel literature, including text-
books, the opinion wes generally prevelent that the turbulent flux of heat,
on the average, is directed from the atmosphere to the earth's surface.

This utterly unnatural conception, which was introduced by W. Schmidt (1921)
and others, was supported by the results of heat balance calculetlons made
by Baur and Philipps (1935) end others.

In the sbove mentioned investigation, Baur and Philipps calculated the
heat bamlance of the underlylng surface and determined the turbulent heat
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exchange, by Schmidt‘s method, for two points {Batavia and Lindenberg) and
later they cbtained its latitudinal distribution by interpolation and ex-
trapoletion of these date.

Baur and Philipps did not use factual detes on heat expenditure for evap-
oration but computed this value ss the remainder term of the balance, neg-
lecting the redistribution of heat by sea currents.

Such a calculatlon provokes some objections., Modern investigations
(vworks of the author and M.I. T0din, 1946, 1948 /B0 & 617) established that
the method suggested by W, Schmidt for determining turbulent heat exchange
in the etmosphere is not correct, since the supposition made by Schmidt,
concerning the. proportionality of turbulent heat flux to the gredient of
the potentisl temperature, does not fit the natursl conditions.

In sddition, it may be noted that the definition of the latitudipal dis-
tribution pattern of a heat balance component for the whole Northern Hemi-
sphere from date of only two points is hardly possible. In calculations of
heat balance, factual date on evaporastion cannot be neglected, since they
permit the verification of calculations of other heat balance components by
completing the balance eguation.

Thus, the conception that turbulent heat flux is directed from the at-~
mosphere to the earth's surface cannot be considered as substentiated by
calculations of its heat balance.

The conclusion concerning the direction of the averasge heat flux from
the underlying surface to the atmosphere is corrcborated, at the present
time, by ell of the recent computations of the heat balance components;and
eleo by independent calculations of turbulent heat flux in the atmosphere,
which are associated with the introduction of the eu‘u}_l\ibrium gradients of
temperature conception, given by the suthor and M.I. TUain (1946, 1948 /60
& 617). This allows us to conclude that the question of the aversge di-
rection of turbulent heat flux has been completely solved.

It should be pointed out that in recent foreign investigations of heat
balance of the underlying surface, s deduction that the average direction
of turbulent hemt flux 1s from the earth to the atmosphere, was also de-
rived. At the same time, in these investigations the turbuleat heat flux
value is usually determined by very approximate methods,

To compare the presented results on heat balance of the earth’'s surface
with those of recent foreign investigations we will provide data obtained
by Houghton and published in 1954.

Houghton celculated the components of heat balance for the entire earth's
surface without using any maps of heat balance components. He determined
the turbulent heat exchange value as the remaining term of the balance
equation, Since the last value turned out to be the comparatively small
difference between radiation balance and heat amount spent for evaporationm,
the accuracy of its determination, es Houghton correctly noted, turned out
to be rather low.

Counting the amount of solar radiation being received at the outer bor-
der of the atmosphere, as being egqual to 100 units, Houghton found the
emount of radiation absorbed by the esrth's surface equal to 47 units, and
effective radiation - 1% units., The radiation balance of the underlying
surface, according to Houghton, is consequently, equal to 33 units. Having
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determined heat spent for evaporation as being equal to 23 units, Houghton
fourd that the turbulent flux of heat from the earth's surface to the atmos-
phere comprises 10 units, i.e., equals 10% of that received at the outer
boundary of the atmosphere.

According to data presented, which were obtained as a result of consider-
ably more detailed and more substantiated calculations, it can be concluded
that the amount of absorbed radiation comprises Ll% of the soler radiation
flux received by the outer border of the atmosphere; effective outgoing
radiation comprises 17‘1-, radiation balence - 27%, and heat spent for evap-
oration - 22%, Consequently the turbulent heat flux velue equals only 5%,
i.e., it constitutes only half of the value of Houghton's calculations.

A more correct value of turbulent heat flux was obtained by lettau (1954)
vwho found this value as being equal to 4 relative units. It should be in-
dicated, however, that the coincidence of this value with results of the
author's calculntions is accldental, since Lettau proceeded from very in-
accurate estimates of absorbed and effective radiation for the earth's sur-
face.

Data on heat balance, obtained from investigations accomplighed in the
Central Observatory, can be used for determining the heat balance components
for individual oceans and cootinents.

In table 15 the mean heat balance components for the Atlantic, Indian
and Pacific Oceans, calculated from these data are glven.

Table 15

Heat balance of the oceans in kg-cel/cn®/year,

Ocean R 1E P
Atlantic Ocean 5 63 12
Indian Ocean T8 83 8
Pacific Ocean & 68 7

As cen be seen from table 15, average amounts of radiation belance for
the three oceans differ only slightly. The expenditure of heat for evap~
oration in the Indian Ocean is somewhat larger than in the other two., The
turbulent heat exchange with eir is greatest in the Atlantic Ocean (this is
explained by the effect of the Gulf Stream).

Considerable interest surround the problem of heat exchange between
oceans in connection with the activity of sea currents. From data of table
15, 1t might be concluded that, for the Atlantic Ocean the gain and discherge
of heat resulting from heat exchange with other cceans is approximately com-
pensated, while the Indian Ocean (where expenditure of heat for evaporation
and turbulent heat emission is greater than the radiation bala.nce) receives
some amwount of heat from the Pacific Ocean (where radiation balance 1s some-
whet greater than the expenditure for evaporation and turbulent heat ex-
change), However, it should be noted that the absolute value of the obtain-
ed differences of the heat balance components (1in relation to the entire
surface of the oceans) turned out to be comparatively small and, epparently,
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range within the limits of the accuracy rates for these calculations.
This complicates the solution of the question of mutual heet exchange in
the oceans.

The average values of the heat balance components for the continents are
presented in table 16.

Teble 16

Heat balance of the continents in kg—csl/cmz/year.

Continent R IE P
Europe 33 22 1T
Asia 4y 23 18
North America 38 24 1%
South America T 52 19
Africa 69 3L 38
Australia 66 25 L1

It can be concluded, from table 16, that everage conditions of heat bal-
ance of individual continents differ considerebly. The greatest values of
Tadiation balance and loas of heat for eveporation are characteristic for
South America, the major portion of which is situated in latitudes close to
the equator. The greatest turbulent heat emission is observed in Australia
end Africa, where tropical dry climatic conditions over vest surfaces are
8lso observed.

The utilization of these date on the heat balance of the earth's surface
also permits us to improve some deductions coocerning the heat balance of
the atmosphere.

The letitudinal distmlbution of the heat belance components of the earth
- atmosphere system 1s presented in fig. 70, The data on radiation balance
of this system are adapted from N.A. Bagrov's work (1954b LIEV). These
data comply fairly well with results of an earlier calculation performed by
Simpson (1928), which vere used by the author in his investigation (1949b
[Kg}) It is noteworthy to mention that, caleulations of radiation balance
accomplished by N.A. Bagrov are well confirmed by date of K. ﬁ Kondret‘tev
and 0.P. Filippovich (1952 /I367) end elso by deductions of other investi-
gatione.

Data on heat expendlture for evaporation LE &end transfer of heat by
sea currents C are taken from table 1%. The gein of heat from condensa-
tion Lr is assumed to be equal to the product of the latent heat of
vaporization and the emount of precipitetion.

The redistribution of heat between letitudinel zones, as effected by
atmospheric circulation, is obtained as the remainder term of the heat bel-
ance equetion. *

As can be seen from data in fig. 70, four basic latitudinal zones with
essentially different relationships of the heat balance compaonents of the
earth - atmosphere system are discerned in each hemisphere. In the equa-
torial zone, which extends north and south of the equator up to 10-15°
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latitudes, the gain of heat from & greamt positive resdiation balance is sup-
plemented by a considersble amount of heat from moisture exchange (i.e.,
from the difference between the heat of condensation and loss of heat for
evaporation). These sources of heat mssure a great expendlture of heat for
atmospheric and oceanic advection, for which the relatively narrow subequa-
toriael zone presents a very important source of energy.
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Figure 70
Hest balance of the earth - atmosphere system.
Northward and southward from the subequatorial zones are the reglons

which can be conventionally called tropical (they also include & portion of
subtropical aress). In these zones, with a positive and constantly dimin-
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ishing with higher latitudes radiation balance, an expenditure of heat for
moisture exchange is observed., Sometimes it reaches considerable amounts.
In the major portion of the tropicsl zone the loss of heat for molsture
exchange approaches the value of the radiation balance, end due to this the
heat loss for atmospheric advection is small.

In the region of 35°- 40° latitudes & transitional zone takes place. In
this area the gain and expenditure of heat in all heat balance components
is approximately well balanced, i.e,, on the average, all of them are not
large in ebsolute values. In the higher latitudes are regions of negative
rediation balance which grows rapidly, in sbsolute values, with increasing
latitude. The negative radistion balance in this zone 1is compensated by
the gain of heat from atmospheric advection, moisture exchange, and sea
currents.

It should be noted that in the gemeral heat exchange between high and
low latitudes all four terms of the heat balance play an important role,
and consequently, the effect of any component cannot be neglected without
substantially impeiring the accuracy of interlatitudinal heat exchange cal~
culations.

As can be seen from fig. 70, 8 comparatively greet macroturbulent heat
conductivity of the atmosphere for horizontal streams of heat results in
the fact that values of atmospheric advectlon turn out to be, on the
average, larger then values of oceanic advection.

The total amount of heat transferred from onme letitudinal zone to others
by edvection, and also in connectilon with moisture exchsnge, can be derived
from the curves in fig. 70 by proper computation.

By using the optained data on latitudinal distribution of the heat bal-
ence terms of the underlying surface and also of the earth - mtmosphere
system, the latitudinal distribution of the heat baslance components of the
atmosphere cen be determined.

Since the radiation balance of the underlying surface is, in e11 lati-
tudinel zones, greater then that of the eerth - atmosphere system (due to
the "greenhouse effect"), the radiation bslence of the atmosphere at all
latitudes is a negetive value. The latitudinal distribution of the atmos-
phere's radiation balance, determined as the difference between the radia-
tion balance of the earth - atmosphere system and the underlying surface,
is presented in fig. 71 by curve Ra. The radiastion balance value on vari-
ous latitudes turned out to only slightly vary.

The gain of heat from condensation, determined as the product of the
letent hest of vesporization times the latitudinal sums of precipitation, is
represented in fig. 71 by curve Lr , the increase of heat from vertical’tur-
bulent heat emission - by curve P, the gein of heat from stmospheric ad-
vection - by curve C .

Using daete presented in fig. 71, we can show, by appropriate calcula-
tions, that between the Northern and Southern Hemisphere, for mean annuel
conditions, considerable redistribution of heat energy is observed, From
these results,it can be particulerly concluded that, the Northern Hemisphere
transfers a great amount of heat by stmospheric advection snd by sea cur-
rents to the Southern Hemisphere.

At the same time, the Southern Hemisphere emits a marled amount of hest

h moisture exchange between the Northern and Southern Hemispheres.
;‘:;:ughe above mentioned calculations of water balance, accomplished \1{ L;I.
Zubenok, it can be concluded that in the Soutbern Hemisphere the umu;h“::
precipitation is spproximately 120 mm & year less than eveporation. th’
the appropriate amount of water is trsnsferred in the hyﬂroa?here f;m e
Worthern Hemisphere to the Soutbern, and in the atmosphere - from tl N
Southern Hemisphere to the Northern. The latter process results in a r:ns-
fer to the Northern Hemisphere of a considerable emount of heat emitted by

condensation of precipitation,
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Figure 71

The heat balance of the atmoaphere.



Since tbe questions of the atmosphere's heat balance are only incidentally
considered here, we will not linger on a more detailed discussion of ob-
taipned regulsrities or on comparison of derived conclusions with deductions
of other authors who treated this problem, but will turn to the evaluation
of the heat balance components of the earth as a whole.

Values of the-components of the earth's heat balance, which were calcu-
lated by teking the ebove date into account, are presented in a schematic
form in fig. 72.

Cosmic space

Atmosphere )
1
1
1
'

Underlying surface

Figure 72

Heat balance of the earth (the heat balance components
in kg-cal/cm?/year),

Because of the earth's spherical form a unit of the surface on the outer
boundary of the atmosphere receives, on the average,only one fourth of the
total value of soler radiation flux, which is, according to recent date,
close to 1000 kg-cal/cm?/year, 1.e., about 250 kg-cal/cm®/year,

To determine the quentity of radiation that is absorbed by the earth as
a planet, the-average value of the earth's albedo must be known. At the
present time there are two methods for determining this value: by calecu-
lation, taking into account the conditions of reflection from lend sur-
faces, oceans, clouds, etc. and by measuring the illuminetion of the dark
portion of the moon (which 1s visible due to reflection of a portion of
solar x)‘adiation from the earth's surface - the phenomenon of the "ashen
light"),

Results obtained by both methods agree fairly well (Da.n,jon, 1936;
Penndorf, 1937; Fritz, 1949; Begrov, 1954b /I87).

The most detalled calculation of the a\lbgds was recently mede by aver-
aging the data presented on the world map of the albedo distribution of the
earth - atmosphere system. These calculations gave the mean weight value
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of the albedo as being 0.4l (Fedoseeva, 1953 /2267).

Most of the recent investigations present somewhat smaller values of the
albedo, Teking this into account, we will use a rounded value of the albedg
0,40, in this calculation, 3

Counting the general albedo of the terrestrial globe as being 0.40, we
will find that short-wave radiation, which is absorbed by the earth, is
approximately equel to 150 kg-cal/em?/year. This value is designated in
fig. T2 by Ss.

According to the above data, the earth's surface recelves 229 kg-cal/cme/
year of the solar short-wave radiation. The mean weighted value of the al-
bedo of the earth's surface is, on the averege, equal to 0.1%, as the cal-
culation show, Thus, the earth's surface absorbs 11l -cel/cme/year of
solexr energy { S,, fig. 72) end reflects 18 kg-cal/cmakﬁye&r.

As the given values show, the terrestrial atmosphere absorbs 39 kg-cal/
cm?/ year, i.e., almost three times less then the earth's surface.

Since the radiation balance of the earth's surface equals 68 kg-cal/cme/
year, it is evident that the effective radiation at the surface level is, on
the average, U3 kg-cal/cm/yeex ( [, , fig. 72). .

The total amount of long-wave radiation of the earth, which equals the
amount of absorbed radiation, is close to 150 kg-cel/cmé/year { Is » fig..
72).
It is noteworthy to mention thet the ratio of the effective radiation
from the earth's surface to the total outgoing radiation of the earth o
1 meh smaller than the corresponding ratio of the amount of absorbed
radiation % . This difference shows the tremendous influence of the

s

greenhouse effect upon the thermal regime of the earth.

Due to the greenhouse effect the earth's surface receives about 68 kg-
cal/cm2/year of radiational energy (radiation balance), which is spent
partially on water evaporation (56 kg-cal/cu?/year, LE in fig. T2).
and partially returned to the atmosphere by means of turbulent heat emission
(12 kg-cal/cm?/year, P, in fig. 72). As a result of this the atmosphere's
heat balence conslsts of the following values:

1) heat gain from absorbed short-wave radiation, which equals 39

kg-cal/c?/year;

2) heat increase from condensation of water vepor ( Lr in fig., 72)

equal to 56 kg-cal/ew?/year;

3) heat gain from turbulent heat emission of the terrestrial surface,

vhich is equal 12 kg-cal/cm2/year;

4) heat expenditure by the effective outgoing radiation into cosmic

space, which is equal to the difference of the values Ig and I,,
i.e., 107 kg-cal/cmz/year.

The last value coincides with the sum of the first three heat balance
components.

Data presented on the heat balance of the earth differ somewhat from the
data given in the author's work (194gb /E27) for the balance of the Northern
Hemisphere, This difference is explained not only by & higher accuracy of
the foregoing computations, but also by the fact that the components of



24

radiation balance, and especislly of heat balsnce for the Northern Hemi-
sphere and the terrestrial globe cannot coincide becsuse of the inhomogene-
ous distribution of land and oceans in the FNorthern and Southern Eemispheres.

It may be noted that these values of the heat balance components do not
differ much from corresponding values obtained in recent foreign investiga-
tions, It must be assumed, however, that data on beat balance, obtained by
averaging a series of world maps showing the distribution of the balance
components, should be more reliable as compared with resulis of summarized
calculations performed in relation either to the earth as a whole or to
latitudinal zones.

§ 16. The water balance and hydrologic cycle

The above results on heat balance can be used in studies of fundamental
regularities in the natural hydrologic cycle.

On thebasis of the above obtained data on heat spent for evaporation, we
can meke a series of conclusions concerning the water balance of the earth,
Since the completed calculations gave the average value of evaporation
for the terrestrial globe as being equal to 930 mm/year, it is obvious that
the annual amount of precipitation must also equel this value, It must be
remembered that, heretofore, no reliable evaluation of the average amount
of precipitation received by the earth’s surface was obtained, since date

on precipitation over the oceans were inaccurate.

Up to recent times, there was an opinion that constructed maps of pre-
cipitation on the ocean were based largely on date of coastal stations and
therefore, precipitation amounts on the oceans, determined from these mapsi
must bave been considersbly exaggerated when compared with actual values. )

Accordingly, in calculations of water balsnce on the oceans, the average
amounts of precipitation were often reduced by 20-30% in order to adjust
them to evaporation data, which usually appesred to be considerably smaller
than the precipitation sums and river runoff to the oceans, A similar re-.
duction of the precipitation amounts was dcne by Wist (1936) and also by
the author in his preceding work (1949b 1‘527).

However, in dolng this, the inadequate reliability of evaporation data
from the ocean that existed at that time, when world maps of evaporation
were not available, has not been taken into account to a sufficient degree,

The presented results of eveporation calculations from the ocean were
initielly obtained by averaging the comparatively detailed world map. They
give a value somewhat greater when compared with the majority of earlier
calculations.

While ip preceding works the value of evaporation from the ocean usually
ranged between the limites of 750-1000 m/ye&r, the pewest result shows 1130

year. Since the total runoff from rivers into the oceans gives a water
layer of approximately 100 mm/ye&r, then, with the given value of evapora-

1) This conclusion was based or the well-known fmet of the vigorous devel.
opment of ascending streams in many coastal regions, which is often ex-
pressed in a cloud regime,
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tion, the total precipitation amount over the oceans will be about 1030 m/
year, This value is somewhat smaller than the corresponding emounts obtain-
ed by Meinardus (1934) from Schott's maps (1140) mm) and recently by L.IL.
Zubenok from meps constructed by 0.5. Drozdov (1120) mm), However, the dif-
ference between the presented values of precipitation and the sum of evap-
oration and runoff is, in this case, comparatively small. Therefore, it is
supposed thet, even though contemporary maps of precipitetion have exag-
gerated precipitatio on the oceans, the error involved in this procedure

is not as great as it was earlier essumed. It is on the order of the mag-
nitude of 10%.

Accordingly, in the work by L.I. Zubenok (1956 /1107), amounts of pre-
cipitation over the ocean, obtained from 0.S. Drozdov's map, were later
corrected by introduction of a reduction coefficient which equals 0,913,

By utilizing the thus obtained precipitation values, and also taking into
account ihe above indicated evaporation data, L.I. Zubenok obtained the
following values of the water belance components in the oceans., These data
are shown in table 17,

Table 17

Water balance of the oceans in m/gear.

QOcean Precipi- Evapo- Runoff from Water ex-
tation ration the periphery change with

of land areas ad jacent

ocesns

Atlantic 780 1040 -200 -60
Indian 1010 1380 =70 ~300
Pacific 1210 11%0 60 130
Arctic 240 120 -230 350

All values in table 17 are given in somewhat rounded quantities, A very
importent conclusion can be derived from this table: the Atlantic and
Indian Ocesns receive, on the average for & year, a considerable emount of
water from the Arctic and Pacific Oceans. If the data on water exchange
presented in this table could be converted into values of corresponding
volumes of water, they would show that the amount of water running off from
the Arctic Ocean is mlmost exactly equal to the amount that flows into the
Atlantic Ocean. Similar to this, the quantity of water that runs off from
the Pacific Ocean is approximately equal to the Indian Ocean's water inflow.

Although the water balance of the land was earlier determined without
any substantial principal errors, the recently obtained date on avaporation
permit scme further improvement in the accuracy.

The mean annual amount.of evaporation from land turmed out to be close
to 450 mm, and assuming the annual amount of precipitation on land as equal
to 700 mm, we will obtein an annual runoff value equal to 250 mm, This
value agrees very well with the earlier established quantity, which vas
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found by M,I. L'vovich - 249 mm/year (L'vovich, 1945).

In swmning up the results of calculations obtained by L.I. Zubenok, ve
complled 8 table of the water balance components for the continents {table
18).

It can be concluded, from table 18, that the greatest amounts of precipi-
tation, evaporation end runoff are observed in South America (a large sec-
tion of this continent is situated in the area of equatoriel climates,
whereas, deserts occupying only a small part of the totel surface), The
smallest amounts of precipitation end runoff are found in Austrialia; small -
est evaporation, in Europe. !

By using the data obtained on evaporation from the oceans and land, the
water belance of latitudinal zones of the earth cen be determined.

Table 18

Water balance of the continents in mm/year,

Continent Precipitation Evaporation Runoff
Europe 600 360 240
Asia 610 390 220
North Americe €70 Loo 270
South America 1350 860 k9o
Africa €70 510 160
Australia h70 k10 60

The dependence of water balance components on latitude is presented in
fig., T3. As 1s seen, in various latitudinal zones the inflow of water vepor
from evaporation to the atmosphere can be larger or smaller than the expend-
iture for precipitation. A substantiel source of water vepor for the atmas-
phere are those zones of high pressure belts where evaporation merkedly sur-
passes precipitation, This water vapor surplus 1s spent in the subequator-
ial zone, and also in tempersate and higher letitudes where precipitation is
greater than evaporation,

Apparently, value f , which is equal to the difference between precipi-
tation and evaporation, is, et the same time, equel, first to the difference
between the gain and loss of water vapor in the atmosphere of the latitudi-
nal zones, caused by horizontal air movement, and second, to the difference
between the incresse and expenditure of water in the hydrosphere and upper
layers of the lithosphere (i.e., to the total runoff of the latitudinal
zones).

Large values of term f glve us some ildea of the importance of water
vapor transfer for the formation of the vrecipitation regime in various
areas, At the same time, it would he very erroneous to suppose that the
effect of the water vapor transfer in the atmosphere on the formation of
precipitetion in various latitudinal zones is only determined by the magni-
tude of term f .

The utilization of the sbove obtained dete on evaporation, together with
the analysie of some regularities in the atmospheric circulation, permits us
to clarify the physical mechenism of the relationship between evaporation
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and molsture transfer in the

atmosph
cipitation on the other, Sphere on one hand and formation of pre-
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Figure T3

Mean latitudinal distribution of the earth's heat balence components.

In spite of the great significance of the moisture exchange problem in
the l?tmosphere, up to recent times this problem was solved by using some
seemingly feasible, but in substance, entirely arbitrary and erroneocus !
assumptions,

In this respect, charecteristic serples are presented in investigations
by E. Brdckner (1901), A.D. Dubakh (1940 /367) V.V. TSinzerling (1948 /Z297)
and some other authors who assumed (sometimes with some reservations) that
in every region on the land en amount of wster vapor, which was carried in
from outside, 1s utilized in the formation of precipitation. This amount
does not exceed the difference between the emounts of precipitation and
evaporation.

Since the total precipitation amount on land is usually mch greater
than this difference (on the aversge for the terrestrial globe it is three
times &s much), the above authors ceme to the conclusion that a mltiple
inner moisture exchsnge existed. In other words, they assumed thst water
vapor which wes carrled from the outside into a certain region on land,
Precipitates several times, while within this region and only later on will
it be cerried sway by atmospheric circulation.

To solve the problem of the molsture exchange regularities it was quite
necessary to work out & quantitative theory of the phenomenon in question,
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Fundamentals of such a thecry aré described in investigations by K.I. Kashin
and KH. P, Pogosian {1950 /1257), by the muthor snd 0.A. Drozdov (1950, 1953
/53 & 547), by KH. P. Pogosien (1952 /1837) and others.

We will briefly present here the derivation of the basic equations of
moisture exchange mccording to the recent investigation by the author and
0.A. Drozdov (1953 /547).

Let us analyze the water vapor transfer in the atmosphere over a certain
area with an average linear scale M , The water vapor flux, which is
cerried by air currents to this erea, can be assumed to be eaual to wwx,
where @ - is the moisture content of the atmosphere on the windward side
of the contour of the analyzed region, 4 - the mean speed of air currents
which cerry water vapor throughout this region, Along the path of the
moving air current the moisture content in the stmosphere will change in
aceordance with the difference between the loss of moisture for precipite-
tion and the gain of it from evaporation,

Evidently, the flux of water vapor, which is cerried away from the given
aerea by air streams, will be equal towu —(r—E)M, where r - is the amount
of precipitation, £ - the amount of evaporation for the analyzed period.

The total flux of water vapor, which is carried over the selected region
is composed of two streams: the outer stream (advective) of water vapor !
which is formed by evaporation outside this region, and the stream of 10::51
water vapor, formed by local evaporatim.

The first stream on the windwerd contour of this region will be equal to
wu , and on the leewerd contour {leaving the region) it will be wu— r M,
where r, - is the smount of precipitation which was formed from water vn}’)or
that wae cerried in from the outside (advective). The second stresm equals
zero on the windward contour, and on the leeward contour (leaving from the
region) it equels E—7,, where r, - is the sum of precipitation which was
formed from water vapor of local origin.

Thus, on the average, over the analyzed region there moves a stresm of
e‘xterna}"_i_ater vepor equal wu—'/,r»M and a stream of the local vapor
1y (E—r,YM, which comprise the total stream wu—!/,(r— E)M. It should be
remembered tbat /i-fr, =r. Since water vepor molecules of local and external
origin are completely mixed in the atmosphere by the turbulent exchange pro-
cess, it is obvious that the ratio of the precipitation amounts formed by
locel and external vepor equals the ratio of the amount of corresponding
vapor molecules in the atmosphere.

we -t m

O p)
ry 1 . 14
Yo (E=ryM usn
Hence, the two following equations can be obtained:
r=r 1_
a l+ﬂ (148)
and Swy
ro=r—>% y
v N +2u_w . (149)
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From relationship (147), the value of the moisture exchange coefficient
k , can be also determined. This value equals the ratio of the total pre-
cipitation amount to the precipitation amount of external (advective) ori-

gin. r EM
k==t (150)

These formilas help to analyze the dependency of moisture exchange char-
acteristics on the main factors that effect the moisture exchange, Thus,
particularly from formila (150), it can be concluded tbat the moisture ex-
change coefficient depends on the factors of the water vapor balance in the
atmosphere and does not directly depend on the value of river runoff, which
was extensively used in earlier computations of the moisture exchange co-
efficient. Formulas (148), (149) end (150) also esteblished the relation-
ship between external precipitation amounts, local precipitation and mois-
ture exchange coefficient on one hand and, the size of the analyzed region
on the other. With an increase in scsle M, the local precipitetion amounts
and the molsture exchange coefficient become larger, while the amount of pre-
cipitation formed by water vaepor of external origin decreases. Actually the
correlation of the moisture exchange coefficients with the sizes of the re-
glons is not linear, for not very small areas, With larger sizes of the re-
glons the average speed of flow of water vapor u diminighes somewbat be--
ceuse of the effect exerted by the curvature of the trajectories of air
particles.

Far an evaluation of the effect of water vepor transfer in the atmosphbere
on the formation of precipitetion we will present data on calculations of
moisture exchange components for the European USSR, The procedure for this
computation is described in the investigation of the author and 0.A. Drozdov
(1953 /957).

The data in table 19 indicated that the precipitation formed from local
water vepor constitutes a very small portion of the total precipitation.

For the whole year, as well as the individual months, the moisture exchange
coefficient exceeds 1 only slightly, which indicates that the multiple
inner moisture exchange concept .as entirely wrong.

In reality, even in such large regions of land as Europeen Russia, only
a very small portion (less than 13%) of the totsl precipitation occurs re-
peatedly, due to utilization of local vapor. The main portion of precipi-
tetion which occurs on & specified reglon of land is formed by water vapor
carried in from outside. Even on the largest continents, where the re-
lative importance of local evaporation is greatest, the major portion of
precipitation, as celculations show, is formed by external water vapor but
not of the local variety.

We will not discuss here the influence of 1local evaporetion
on the precipitation regime any longer, 2) put we will only note the fact
that the proof of the incorrectness of the hypothesis, concerning the

2) This problem, including the conclusions concerning the stimilating
effect of evaporation on precipitation, was snalyzed in works by 0.A.
Drozdov and his associates.
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Table 19

Annuel variation of the hydrologic eyecle components for European Russia,

Year

294

22 11

39
22

Sk

50

mm/month 5 10 36

E

12

20 23

15
7.8 7.2 6.6 6.2 5.8 6.3 6.9 7.5

T.1

7.6

7.7

1.07 1.08 1.09 1,24 1,22 1.19 1.17 1,12 1,08 1,05 1.05 1.06

7.8

1.7

m/sec

u

1.126
487
L34
953

23 24 28 38 63 59 b9 38 32
23 31 53 L7 36

21

27
25

mm/month

30

5k 47

L6

22

month

month
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multiple moisture turnover, permitted us to derive some conclusions sbout
important problems of the amelioration theory.

In conclusion we will note that, as is seen from the content of this
chapter, the utilization of data on evaporation from the earth's surface
permits us to explain a number of regularities in the water balance and
hydrologic cycle of the external geographical medium.

Conclusion

The investigations of geographical regularities in the heat balance of
the underlying surface were recently started. Tt should be remembered that
some 10-15 years ago, even the order of magnitude of the main heat balance
components, for the majority of geographical regions, was actually unknown.

The investigations of the heat balance climatology, which were accom-
plished in recent years at the Central Geophysical Observetory and in other
research institutes, provided ample factual data on geogrephical regulari-
ties in the heat balance.

Data obtained on the distribution of the heat balance components (includ-
ing a number of maps for the world and individual sress) permit us to assume
that the emount of geographical knowledge of these elements, is not less
than the knowledge of many basic meteorological elements ‘at this time, The
eccuracy of the maps of the balance components is not lower than that of
the maps of some meteorological elements, which are observed by the regular
station network.

Consequently, in contemporary climetology we may use the deta on total
radiation, radiation balance heat losses for evaporation, and turbulent
heat exchange, as well as the data on temperature, humidity, precpitetion,
alr pressure, cloudiness and wind. Thus, a marked increase in the number
of principal factors which characterize climatic conditions of various areas
on the land and ocean is achieved.

The production of mass material on the heat balance components, for
various geographical regions, completes a certain stage in investigetions
of heat balance, connected with the establishment of the fundamentals of
heat balence climatology.

Further development of the heat balance climatology requires, above all,
an improvement of the methods for determining the heat balance components.
An accumulaetion of data on direct belance observations by permanent hydro-
meteorological stations is very important for this purpose. At the present
time, the few stations which measure the heat balance components have al-
ready provided vsluable results for methodical developments. Organization
of & brosd network of balance measuring stations will permit us to solve
a8 number of important practical problems in heat balance climatology. At
the same time, for a better development of heat balance investigations,
further improvement is necessary in the climatological caleulation methods
of the balance components; this must be achieved by using observational
data obtained by the network of hydrometeorological stations. It is
particularly very important to develop & relatively simple but sufficiently
relisble method for determining the heat balance components, for shert
periods, from observational data of the principal meteorological elements.
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The application of dats on many balance cbservations and results of more
accurate climatologicel calculations should allow us to construet more de-
tailed maps of the balance components (including microclimatic maps for
small regions), and also to obtain extensive data on the heat belance
anomalies.

It can be assumed that, further development of heat balance climatology
will open new vistas for solving many problems in the hydrometeorologicel
sclences.

Among these problems are: the improvement of methods for long range
forecasting, development of the theory of climate and general circulation
of the atmosphere, development of a climate classiflication scheme, esteb-
lishment of the microclimate theory, and development of the hydromelloration
theory, as well as many other problems in meteorology end climatology.

Aside from this, the solution of some problems in land and sea hydrology
would also involve deta on heat balance { as, for instance, the determina-
tlon of evaporation from land and watexr surfaces, investigations of runoff
formation, computation of snow melt, forecasting of freezing end melting
of reservoirs, investigations of sea currents, ete.).

Further progress in heat balance climatology will be important for the
advancement of many other geographical sciences beyond the limits of hydro-
meteorology. Date on heat balence cen be particularly used (and are partly
already in use) in glaciology, and also in solving many problems in paleo-
geography.

The epplication of heat balance results, to investigations of general
geographical regularities, was started by A.A, Grigor'ev, It dpened wide
vistas for the study of causal laws operating in the formation of the geo-
graphicel medium. It is conceiveble that research in this direction will
promote a convergence between physicel geography and geophysics up to the
point of & complete merging of methods, used in these two disciplines for
solving a series of theoretical and practical questions.

Averkiev, M.S,

AYzenshtat, B.A.

Aizenshtat, B.A,
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