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THE BEAT BALANCE OF THE EARTH •S SURFACE 

Annotation 

This monograph summarizes the resu1ts of investigations in beat balance 
climatology of the earth's surface. Various methods tor determining the 
components of tbe heat balance are anal.y&ed and systematized. Data on 
geographical distribution of all components of the heat balance and of 
their annual and diurnal. variations are presented. Applications of the 
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heat balance cliim.tology to various problems of physical geography, agro
meteorology, and hydrology are interpreted. The utilization of heat balance 
date.,for the analysis of meteorological effectiveness of ameliorative meas
ures is investigated. 

This monograph can be used by scientists, aspirants and students, vho 
are working in fields of climatology, meteorology, land geography, and 
oceanography, and al.so, by scientists and 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 bs.lance on the earth's surface are now occupying 
an important place in all hyd.rometeorological disciplines, including mete
orology, climatology, land hydrology,and oceanography. 

The main purpose of these investigations is the study of the causal prin
ciples which determine the meteorological and hydrological regimes in va.r
iOUf) geographical regions and could be used for prognostication and cal
culation of important bydrometeorological processes and phenolllena. In fact, 
a whole series of investigations on beat balance bas been made in order to: 
evaluate the effect of meliorative measures on cl.1ma.tic 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 balance have largely been used in studies 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 heat balance 
in various regions bas stimulated a considerable progress in climatological. 
investigations of this subject, especially concerning the geographical dis
tribution of the heat ba.la.nce components. 

As a resu.l t of work along these lines,., that has been accomplished in 
the Central Geophysical Observatory (Voeikov 1s), and al.so by some other 
groups of scientists, the climatology of heat balance has been established 
by now as one of the branches of general clima.tology. 

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

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

Chapter 

Introduction 

Solar radiation is the ma.in source of heat energy for almost all the 
natural processes developing in the atmosphere, hydrosphere, and in the 
upper layers of the 11 thosphere. 

On the other hand, the utilization of solar energy is of paramount im
portance in economical activities, and particularly valuable for agri
cultural production. 
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Consequently, the problem of the trane:tormation 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 important 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 folloving vay: 

The flux of the solar radiation at the average distance of the earth 
from the sun is approxil!Btely equal to 1000 kg-cal/ c-af2. per year. Because 
of the spherical. shape of the earth, a unit of the surface on the outer 
bounda.ry of the atmosphere receives, on the average, 1/4 of the total 
flux; i.e., about 250 kg-cal/c.i'- per year, and about 150 kg-cal/c.i'- per 
year is absorbed by the earth as a planet. 

It is very significant that the main portion of the absorbed solar 
radiation - about 3/4 of the total. amount - is absorbed by the earth's 
surface, whereas the atmosphere absorbs only 1/4 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 also of 
some gases and dust particles that absorb the long-wave radiation, re-
duces considerably the effective radiation J) 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 balance of the earth as a pl..JJ.et is close to zero, 
on the average for the year, the radiation balance of the atmosphere, 
which is equal to the difference between the radiation balance of the 
earth as a whole and the radiation ba.l.ance of its surface, is rendered 
negative. 

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

1) The difference between the long-wave radiation from the ea.rth 1 s 
surface and the opposite long-wave radiation from the atmosphere. 
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processes of moisture 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 exchange. 

Along with the processes of vertical redistribution of solar energy, 
vigorous processes of horizontal redistribution of beat are developed in 
the outer geographical medium. Among them, of special importance, is the 
exchange of heat energy in the atmosphere end hydrosphere which takes place 
between the higher and lower latitudes. This exchange is induced by sub-
stafltial differences in radiational heating rates over the spherical sur
face of the earth. It 113 accomplished by the macroturbulent heat exchange, 
by transfer of heat by sea currents, and also, by the redistribution of 
condensation heat in the atmosphere. 

All these processes of sola.r energy transformation are induced by ra
diational factors and effect J enormoucly, the energy regiiE in the outer 
geogre,phical medium. In particular, they modify considerably the radi
ation regime on the surface of the earth, which depends a lot on the cir
cul.a.tion 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 thermal regime, 
other processes of soler energy transformation are el.so dev~loped in the 
outer geographical medium.. These processes involve some comparatively 
small quantities of heat, and therefore they do not exert any noticeable 
or direct influence on the radiation end beat 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 p:mcess 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 transformation of 
solar energy in the outer geographical medium proceeds now, are the data 
on radiation and heat balance. Among them, data on radiation and heat 
balance of the earth's surface are especially valuable, since the surfa.ce 
absorbs 71jf, of the total amount of so1ar energy absorbed by the earth, and 
consequently, it presents the main source of energy for the outer geo
graphica.l medium. 

Because of the fact that just at the earth's surface the greatest in
tensity of the most important natural processes is observed, like the 
biological, hydrological, exogenous geomorphological, soil formation proc
esses, and others, it is obvious that data on the beat balance of the 
surface vill be of an essential significance for the study of causal re
la.tionships of natural processes in the outer geographical medium. 

!n this monograph, the basic laws governing the radiation and heat bal
ance of the ea.rth 1 s surface are analyzed in a geographical aspect; i.e., 
tr.e climatology of the heat balance is interpreted. 

The climatology 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 hydrometeorologicel. observations is 
described in chapter 2. 
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The application of methods for calculating the balance components per .. 
mitted us to develop the climatography of heat balance 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 turned out, it was possible to use the data on geographical dis
tribution of the heat baJ.ance in solving various climatological problems, 
and 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 
moisture 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 qua.1.itatively studi'ed. 

Among studies based on application of beat balance data ,a specia.1. place 
is occupied by investigations of changes in the climatic regime as effected 
by amelioration ( Ch. 5). Taking the data on heat balance into account it 
was possible to make quite a few conclusions of a definite practical im
portance. 

As far as the transformation of solar energy on the earth•s surface 
exerts a tremendous influence on the dynamics of all exogenous natural 
processes, it is obvious that data on heat balance can be successfully 
used for studying many 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 vith 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 zona.li ty that was first discovered by V. V. Dokucba.ev. 

The data presented in this monograph contributed to an improvement of 
existing concepts of the general balance of energy on t~1e earth and of its 
water ba.la.nce, and have also thrown more light on some other questions 
connected with the process of heat and moisture exchange. 

§l. Heat ba.l.ance equations 

Equations of the heat balance represent some particular cases of the 
basic law in physics - 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 equation of the balance for the system 11eartb - atmosphere, 11 

i.e., for the vertical column that extends through the whole geographical 
medium, a.re most frequently used. 

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

We will designate the value of the radiational. flux of heat by R' ; 
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the turbulent fl.ux of heat between the underlying surface and the atmosphere 
by P ; the heat flux between the underlying surface and the lower layers by 
A'; and the expenditure of heat for evaporation (or the emission of heat 

from condensation) byLE'(L - the l.a.tent beat of evaporation,!::' - the speed 
of evaporation or condensation). Since all other components of heat bal
ance are usually IIllch smeller than the here cited fluxes of heat, we my 
"Write, in tbe first approximation., the beat be.lance equation in the fol
lowing form: 

(I) 

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

The scheme of heat strel.lDS incl.uded in the equation of the heat balance 
is sho-.m in fig,. 1. 

!R Ip 
,01717nT.,r.,,.,,7)71 n, ®, F "' n" "n 

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 ( l) 1 a more considerable val~e could be attributed to the 
expenditure of beat for melting of mow or ice on the earth's surface ( or 
to the gain of heat from water freezing processes}. However, for longer 

2) It is necessary to mention tbat in many papers a d1fferent system of 
signs ( + and - ) is used for the heat balance., due to which all terms of 
heat balance equations have the same sign according to gain or loss of 
heat. Such a system of designating., although more logical, can lead., how
ever., to some inconveniences • According to the system of determining the 
signs., the loss of beat by evaporation and turbulence from the earth's 
surface to the atmosphere is negative. But this contradicts the usual 
practices. 
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period averages (for a year or so), the latter value, as· a rule., is con
siderably smal.ler than the main components of the baJ.snce, and only for 
some cases ( for instance, the periods of snow melt in the middle and upper 
1.e.titudes} should this value be included into equation (1) as an additional 
term. 

The other components of the beat balance - heat streams originated by 
dissipation of mechanical energy of wind, of wind waves, tides,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, end the gain from 
oxidation of biological substances are usually considerably smaller than 
the main components of the be.lance., 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 accUIIDllated 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., suggef3tions have been made to 
introduce into equation {l) an additional component representing the ad
vective inflow of heat to the underlying surface. Therefore, we would l.ike 
to give some simple considerations which will illustrate how wrong this 
point of view is, and also explain the relation between the horizontal 
transfer of heat and the beat balance components (Budyko, 1949b £:42 7 ) , 

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

(2) 

where &- is air temperature, x- horizontal. ordinate, directed according 
to wind direction in the lower layer of the atmosphere, z - vertical 
ordinate, n-w1nd speed in the lower leyer of the atmosphere, k- coeffi
cient of turbulent exchange I t - time. 

Ini..t::grating equation (2) by z we obtain the following equation: 

j %t-dz+ ju }!·dz-- Fi;= k~, (3) 

P' o o 
where pc - is the constant of integration, equal to the heat flux be-
tween th~ underlying surface and the atmosphere divided by the value of 
air density and heat capacity. 

The direct effect of horizontal. heat transfer on the heat bale.nee of 
an air layer is represented by the term rz , Ofl d the magnitude of 

• frax z, 
this member depends, to a considerable degloee, on z ; i.e., on the height 
of the analyzed I.eyer. CornJlllting the balance for the.earathts surface, z 
must be approaching zero, and consequently the ierm f u- dz will become 

• z O;c , r .. zero ( u and {i a.re finite vaJ.ues). Since the term• dtdz will also be 
0 
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equal to zero, the heat exchange between the earth's surface and the at
mosphere at z - o will be determined only by term k !! , which shows the 
vertical heat flux. Estimating the order of magnitude°zof the components 
of equation (3), it could be established that, evsen for the lo"'?r layer 
of the atmosphere, 10-100 m thick, the terms J i ~ dz and f E_! d 

cJ0 l iJX • dt z 
are usually so much smaller than the term k a-; 0 , that they c~uld be neg
lected. Thus, the horizontal transfer of heat has no direct 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 considerable effect 
is exerted by the horizontal heat transfer on the heat be.lance of the 
earth I 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, etc. 

The effect of horizontal. heat transfer in the hydrosphere on the heat 
balance could be explained in a similar way. In this case, the effect of 
horizontal transfer produces only some changes in the verticaJ. flux of 
heat A', and al.so, 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 t. Then, we will obtain an equation which will coincide 
with equation (1): 

R=LE+P+A, (4) 

where the values wi thciut primes show the sums of heat for the analyzed 
period of time. 

The sum of the rad.iational flux of heat at the level of the earth I s 
surface (be it positive or negative) is usu~ cal.led - the radiation 
balance. 

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

R=(Q--j-q)(l-•)-/, (5J 

where:Q - is the sum of direct radiation, q - the sum of diffused radiation, 
a. - albedo, / - the effective outgoing radiation ( the difference between 
incoming and outgoing heat amounts on the earth's surface, which is de
tennined by radiation from the earth I s surface and counter radiation of 
the atmosphere). 

Many authors have already pointed 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 radiation energy. Even so, the application of the expres
sion "radiation balance 11 is especially inconvenient to use in the stuq.y 
of heat balance, since these similar terms have an entirely different 
physical meaning ( for instance, the radia.tion balance usually is not equal 
ito zero, whereas the sum of the components of heat balance always equals 
'zero, etc.); however, at the present time, it would be very difficult to 
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discard this term, since it has been so large;_y used in all ey'drometeorolo-
gical studies. 

The amount of heat exchange between the active surface and the lower 
l9¥ers A can be detenni.ned by the other heat balance components of the 
upper !eyers of the 11 thosphere or hydrosphere. The heat balance equation 
for a. vertical. column with the upper limit on the earth's surface, and the 
base at a depth where the annual variations of temperature cease, will be: 

(6) 

where A - is the heat exchange between the colunm and the active surface, 
F - the heat exchange between the column and the ambient space of the 
lithe or hydrosphere in a horizonta·l direction, B - the change in heat 
amount insict.e the column during the given period of time, (fig. 2). 

Figure 2 

Scheme of the heat balance of the 
upper 11 thosphere or hydrosphere 

layer. 

Vertical heat exchange through the base of the column could be assumed 
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=B· Due to the fact that, on the aver
age for the year, the upper layers of soil are neither warmed up nor cooled 
off, we must assume that long term annual mean values for the land are 
A-B~O. 

In the heat balance of more or less significant water reservoirs, 
analyzed as a whole body, the values of A are also very close to B, since 
the beat 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 A 
and B might be very different, since in this case a redistribution of 



10 

rather large quantities of heat in a horizontal direction might be affected 
by currents and by me.ere-turbulent exchange. 

Consequently, under such conditions, the mean annual value of heat ex
change betveen the active surface and the lower l~ers will not equa.1 zero 
but will be equal to the sum of heat which is gained or lost thrcugb cur-
rents and macroturbulence by the vertical column extending through the 
hydrosphere (i.e.,A=F). 

Thus, the equation of hea.t balance for the land, for the mean annual 
period, will be: R=LE+P, (7J 

and for the ocean: 
(8) 

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

For the 'W'Orld's ocea.r:. as a whole, where the general redistribution of 
heat by sea currents, due to recompensation, is zero, equation ( 8) is 
transformed into: R =LE+ P. 

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 canception of the "earth I s surface" 
is somewhat conventional ( sometimes it is called the 0 active surface, 11 or 
the"under1ying surface 11 ). Act\lally1 the "surface" processes of soler 
energy- transformation are developed not on a two dimensional surface, but 
inside a layer of some thickness, as for example, when the processes of 
heat expenditure for evaporation on the mainland take place, or vhen water 
reservoirs are absorbing the solar energy, etc. The .. active layer" reaches 
a considerable thickness in places rt th a high vegetation ( especially so 
in forests). 

However, even when dealing with an active layer of considerable thick
ness we can use the concept of the active surface and it vill 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 Dlore 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 
gains and losses of heat energy in the vertical colwnn that extends through 
the whole atmosphere and upper layers of the hydro and lithosphere down 
to those levels where seasonal end diurnal variations in temperature cease. 
In our computations we will use the sums of heat streams for a certain 
period of time t. 

The exchange of heat between the column and the outer space will be 
characterized by its radiation balance Rs, which actually equals the 
difference between sol.a.r :radiation absorbed by the whole column and the 
total long-wave outgoing radiation from this column during the anaJ.yzed 
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period of time ( fig. 3 ) . The radiation baJ.en~e of the system earth- at
mosphere ~ have a different sign, and we will consider the value Rs as 
being positive, when it shows that heat is gained by this system. 

C 

-__ -"---= hydrosphere 

--r 

Figure 3 

Scheme of the beat balance of the 
earth - atmosphere 

system. 

Extending this colunm deeper into the lithosphere or hydrosphere down 
to those layers where the thermal regime is no longer _affected by varia
tions of meteorological. factors, we may assume that the inflow of heat 
through the base of the column is practicalJ.y Bbsent, it equals zero., 

The inflow of heat through the lateral surface of the column is deter
mined by the horizontal transfer of beat in the atmosphere and lzy"drospbere. 
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 arrow C, end the 
similar characteristic for the hydrosphere - by arrow F • 1 

Besides the heat exchange that occurs through the surface or the column, 
there are some other factors that also affect the beat exchange, namely 
some sources of beat (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 evaporation and condensation. 

The gain of beat from condensation processes in the atmosphere (the dif
ference between the gain of heat from condensation of water vapor, and the 
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loss of it for evaporation of water droplets in the atmosphere) over a suf
ficiently homogeneous surface is approximately equal to the 3Joduct of the 
latent heat of evaporation L and the sum ot _ prec_ipite.tion r • The ex
penditure of heat for evaporation ( the difference between the loss of heat 
for evaporation 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 and evaporation on the heat balance 
of the column could be approximately expressed by the vfllue L(r-E). 

Among the other heat balance components of the colwnn, the change in the 
heat content inside the column, that occurred during the period for which 
the values BJ have been sunnna.rized., shoulC. be taken into account. The other 
components of the balance ( tbe ga.in 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: 

R,=C+F+L(E-r)+B,. (9) 

in this instance, we will assume that all the terms on the right side are 
positive in case t~ey show the expenditure of heat. For the average annual 
period the value Bs'will1 approximately, be close to zero,and equation (9) 
will be transformed into: 

~-C+F+L~-~- (~ 
For the mainland this equation will have a simpler form: 

R,-C+L(E-r), (II) 

Since, for the earth as a whole, E=r, and the horizontal transfer of 
heat in the atmosphere and lzydrosphere in total is, approximately, equal 
to zero, the heat balance equation for the whole outer geographical medium 
will assume a simple form of: Rs= 0 . (1 21 

The radiation balance equation of the earth-atmosphere system Rs is 
similar to the radiation balance equation for the earth's surface (5): 

R,-Q,(l-•,)-1., (13J 

where Qs - is the sbo·rt-wave solar radiation received on the outer boundary
of the atmosphere, a.,-.albedo of the earth-atmosphere system /_total 
long-vave outgoing radiation into outer space. ' s 

The heat balance eqi.lation of the atmosphere could be obtained by swn-

3) The gain of heat from condensation in the atmosphere is equal to the 
difference between the gain and loss of heat which is associated with con
densation and evaporation of water drops in clouds and fogs. Upon a more 
or l.ess homogeneous surface the differenoe between the sums of condensation 
and evaporation in the atmosphere, obtained as the averages from long 
periods, is equal to the amount of precipitation. But this might not hold 
for regions of a dissected terrain and also for some short time intervals. 
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ming up the relevant heat streams, or simply, by taking the difference be
tween the heat balance of the earth-atmosphere system and the earth's 
surface. 

Assuming that 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, that 

and for the average annual period 

R.-C-Lr--P. (l.':iJ 

In many calculations, along with the beat balanca equations, 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 algebraic sum of all. forms of gain and loss of 
solid, fluid, and gaseous water received by a horizontal surface from the 
ambient space during certain time intervals is equal to zero. 

This equation will be: 
r=t:+J,..+m.. fl6) 

where r _ is precipitation, £ _ the difference between the evaporation 
and condensation on the earth's surface ( usually called just eva.poration), 

/., - the surface runoff ,m - moisture exchange between the earth 1 s surface 
and the lower layers. The value m - is the algebraic sum of the gravi
tational flux of fluid moisture from the soil surface into the deeper 
layers, the vertical flux of the film-mois'ture between soil layers of 
various moistening, the vertical flux of water vapor, flux of w.ter which 
is raised by the roots of plants, etc., obtained for the analyzed period 
of time. 

Equation ( 16) is more often used in some modified form, which could 
be derived by considering the fact that the vertical flux of moisture ,n 

is equal to the sum of the underground runoff fp and the change of water 
content in the upper layers of the 1.ithosphere b ( this equality corre
sponds to the equation of water balance of the vertical column that ex
tends through the upper layers of the lithos:Phere down to depths where 
moisture exchange is practically absent). 

Keeping in mind the fact thet the sum of the surface runoff f • and 
underground runoff /p is equel to the full runoff /, we find: 

r-E+f+b. (17) 

Equation ( 17) can also be used for calculating the water balance in ;rater 
reservoirs or in some portions of them. In this case, the value f will 
characterize the redistribution of water in a horizontal. direction t'or the 
analyzed period in the reservoir itself and in the lower layers of the 
ground ( if there is any noticeable redistribution of moisture). Similarly, 
value b , if taken for the reservoir, would have to determine the total 
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chenge in we.ter quantity in the reservoir itselt, and in the lower layers es 
well, if there was a noticeable change in moisture content. Practically, in 
many cases velue b is determined for the water reservoirs by the change of 
water level. For the average annual value b is often very small, and 
therefore, the equation of the "Water balance will be: 

(18) 

For the whole globe the horizontal redistribution of moisture equals 
zero, and therefore the equation of water balance will have the simple 
form: 

(19) 

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 va.ter balance in the atmosphere. 
By adding up all categories of the gain and loss of moisture in the vertical 
column which extends through the atmosphere, ve offer the following eque.tion: 

(20) 

where C - is the amount of moisture which is gained or lost by the vertical 
column as effected by air currents and by the horizontal turbulent exchange; 

bu - is the change in water content of the colWiln during the analyzed 
period of time. . 

Since the atmosphere can contain only relatively small quantities of 
vater in any of its phases, the value of biz is usually much smaller than 
the other components of the balance. The average annual value is close to 
zero. 

The equations of beat end water balance, which have been given here 
actually represent the basis for ell constructions and derivations outlined 
in this monograph. 

§ 2. General review of investigations on beet balance of the earth 1 s 

~ 

The formulation of the beat balance investigations:.,. problem belongs to 
the outstanding climatologist and geographer, A.I. Voeikov, In recent 
literature we freg_uently find the citation of this remarkably deep state
ment by A .I. Voetkov, which concludes the first chapter of his monograph -
The Clinates of the Terrestrial Globe, (Voel'.kov, 1884 frj87): "I think 
that one of the most important problems of physical scie"nCes at the];iresent 
time is - the bookkeeping of solar heat amounts received by the earth with 
its gaseous and fluid envelopments. 4) 

11 We have to know: how much of solar heat is received at the upper bound
aries of the atmosphere, how much is spent, for heating of the atmosphere, 

4) Italics by A.I. Voeikov. 

' I 
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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 f~r the change of their state (from the solid phase into fluid, and 
from fluid into gaseous), for the chemical reactions, especially those 
connected with organic life; further on, we have to lmow how much beat is 
spent by the earth through radiation into outer space, and bow it happens; 
i.e., how nru.ch 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 fnll size hiding nothing of the huge difficulties involved in obtaining 
not only the' complete solution but even in finding some app;oximate answer." 

To estimate the importance of these t,houghts of A.I. Voeikov, it must 
be remembered that in those times when The Climates of the Terrestrial 
Globe was be~g prepared, (the eighteen eighties) the problem of the solar 
energy transformations occurring in the outer geographtcal medium was almost 
completely untouched. More or less systematic actinometric observations 
were started only at the end of the 19th century, and the earliest attempts 
of calculatie,g the incoming solar energy to the earth,, surface were not 
lm~ by Voeikov when he was writing this monograph. 5 Nevertheless, 
Voeikov bas not only correctly formulated the main problems in the study of 
heat balance, but with a scientific optimism, so typical 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 vith the study of heat balance have bee9 analyzed. For instance, 
in The Cliroo.tes of the Terrestrial Globe • • • Voeikov has paid 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 regions. 
In his work The Heat Exchange in the Outer Coating of the Terrestrial 
Globe (19o4 L69/) the question about the climate-forming effect of the heat 
exchan~e in soil and water reservoirs is analyzed in detail. Many ideas 
of Voeikov, outlined in this work, have not lost their scientific im
porS,ance, 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 balance on the earth's Gurface could be started only 

5) The work of Angot, 1883, the first investigation of the laws gov
erning the incoming solar energy to the earth I 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 principal components had been 
suggested. 

The development of methods for determining tbe components of the bel.ance 
has been started in two principal directions: 1) de&il!lling of special in
struments for measuring the separate components of the balance, and 2) 
deve1opment of methods for ca1culating the components proceeding from theo
retical conceptions ond using ample data. o£ regule.r bydrometeorological 
observations. 

The first stage in the development of methods for determining the com
pcnents of the balance, based on applic-ation of special instruments, wes 
closely connected with the deve1opment of actinometric investigations. 

Works of our scientists were ot great importance in creating the sci
entific actinometey. So, in particular, a great advance in development of 
actinometric observations was made when O.D. KBvolson invented his actino
meter. Systematic observations of direct solar radiation were started 
with this instrument at Pa.vlovsk in 1890. The possibilities for measuring 
the solar short-wave radiation were greatly expanded when K,D. Angstr6m 
invented the pyrheliometer in 1~5; V .A, Mikhel 'son designed a perfect 
a.ctinOl!leter in 1906; in 19l0-l9ll s.1. Be.vinov inlProved • the actinograph 
of Crova. (Ka.litin, 1950 ~7) and a. series of other a.ctinometric instru
ments were developed. Much-later, at the end of the nineteen thirties, 
the more or less ac,Rura.t~measuremera,ts of scattered radiation could be 
secured after the ItJ .D. IAnisbevsk11 pyranometer was introduced in 1934. 
( It is described in li.nisbevskil' s pa.per 1951 /J48JJ . 

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

:Before the Great October Social Revol.ution in Russia, actinometric ob
servations were being ta.ken only at five pointsJ' but afterwards, at the 
end of the nineteen thirties, these observations were carried on at sev
eral scores o£ stations (Ka.litin, 19!,7 /J2f/). '!'he e.ctinometric network 
o£ the world has grown especially fa.st during the last decade. 

The development of the actinometr1c network coul.d be characterized by 
comparison of the consolidated tabl.es of actinometric observations that 
have been published S11nually. So, for instance, the -r by Kimball thst 
was published in 1927 and 1930, contains the mean vaJ.ues of total radiation 
obtained at only 32 stations, located in various regions of the world. In 
Gorczinsky's paper of 194.5, observations of 58 stations are· given. In the 
first summarizing pa.per by T.G. Berl:Gmd (19"9 ~ the mean values of 
total radiation sre given for 85 stations, and in the second paper (Ber
liaoo., 1954 /JBJ)- for 139 stations. Even though, the la.st number is matll' 
times less than the number of meteorol.ogical. stations taking ordinary ob
servations, nevertheless, at the present time, a direct generalization of 
availa.b.Le data on actinometric observations could be done and could be 
utilized for obtaining some climatological concl.usions. 

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

The measurements of l.ong-wave radiat:1.o:l, and especially that of the 
effective outgoing radiation., were as.socia.ted with considerable methodical 
difficul.ties and therefore they were started much later tban the measure-
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ments of short-wave radiation. 
The first instrument that was used tor more or less systematic measure

ments of the effective outgoing radiation, was the pyrgeometer of K. Ang
str~m desil!lled in 1905 (Angstrllm, 1916). Later on, many investigations 
established that the observations ma.de with this instrument usua.14' con
tained fairly large errors. Many authors have tried to inq>rove the con
struction of instruments measuring the effective outgoing radiation, but 
up to recent times, the results have not been quite satisfactory. Only 
recently, soms instruments have been constructed, although not without 
defects, but still permitting measurements of effective outgoing radiation, 
without any great principal errors, and not only at night but also during 
deylight hours. The existing instruments for measuring long-wave radiation 
were used for observations by stations and by expeditions, but results ob
tained are still too scarce in volume to warrant a.ny climatological general
izations. Still, these data. a.re valusble in verifying various calcula.tion 
metncds for determining the effective outgoing radiation. More details 
on this are given on pp. 43-46{pp.lio-¼ o£ this trsnsla.tion). 

More or less reliable instruments for direct measurements of radiation 
balance were constructed not very long a.go. Tbs first steps in this di
rection were made in the nineteen twenties by V .A. Mi)tllel. 1son, and later 
I.G. LiU.tershtein and A.A. Skvortsov. Later, :fil.n. IAnishevsk11 and F. 
Albrecht devoted much effort for tbe developioont oi:.,.a balance:;eounter. 
As a result of long yea.rs of investigations, IU .D. IAnishevskii bas designed 
a. ra.ther simple construction of a. be.lance-meter, which permits the measure
ment of radiation balance val.ues without any large principal errors 
(IAnishevski!, 1949 /Y4y). During recent years, Albrecht suggested sev
eral improvenents of this instrument (Albrecht 1933 end others). Most re
cently a new construction of a balance-meter has been suggested by D.L. 
Lalkhtman end N .B. Kucberov ( 1952 /J55 & 15l]) • lie will not cite further 
the constructions of bal.ance-meters, but will mentioo the fa.ct tha.t in
strwnents for direct measurement of radiation balance are now being ex
tensively used by expeditions investigating the amel.ioration of climate 
in tbs lower la;'ers o£ the atmosphere, snd for otber problems in pbysios 
of the air ~r near the ground. For stationary observations, the ap
pl.ication of the balance--meters has not been very wide as yet. Conse
quently, the observational. material. obtained through balance-meters is, 
at the present time, very scarce, end at any rate, it is considerably 
smaller than the amount ot observations on the effective outgoing radiation. 
For this reason, the data of direct radiation balance measurements could 
be used mainly for investigation o£ pbysicometeorological regul.a.rities 
and in solving various methodical problems. The application of these data 
for comparison of climatic conditions in various regions still involves 
considerable difficulties. 

Methods for direct measurements of other components of the beat balance 
of the earth•s surfe.ce, and especially of the expenditures of beat for 
evaporation and for turbulent heat exchange., are much less devel.oped than 
those for measurements of the com.ponents of radiation ba.lance. 

Since the latent heat of evaporation represents a well. koown physical 
veJ.ue, there is always a possibility to find the amount of beat lost on 
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the earth's surface. The 
evaporation by measuring the evaporation from land surfaces ( evaporimeters 
instruments for determining evaporation from uthors during a. long 
of various makes) were being developed by numero:v: been applied for ob-

iod of time Some of the soil evaporimeters 6 ) 
~~tion by s~me hydrometeorological. stations. are relatively scarce and, 

Data on evaporation obtained by evaporime:~:s are not free from con-
as it has been pointecl out by many authors b {1 evaporimeters could not 
siderable systematic errors. Therefore, t e /~ the evaporation from the 
be accepted as a universa1 method for determ n ~~e been used to determine 
soil surface. Various kinds of eva:porimeters these observations also con
the evaporation from water surfaces• However, t any larger climatological 
tain some errors, and a.re insufficient to varran ' 
generaJ.izations. 7) d adient methods for detennining 

In recent years, many authors have ~!~ed~ith it. 
evaporation end the loss of heat ~s~: of evaporation proceeding from 

These methods involve the cal.c a i~g t and simultaneously taking 
measurements of vertical. mo!~ture rr~~=~/~f turbulent exchange. Another 
into account the valu~~ of e coe r determining evaporation is the so 
variation of the gradient method f~ the evaporation or loss of heat for 
called balance-method; this determines ad. ents of temperature and humidity 
evaporation cry measuring the vertd ic~ ~r ~asuring the radiation balance 
in the air layer near the groun , an Y 
and hea,t ex:hange in ~o!i:;o ennits us to determine the magnitude of the 

The gradient meth fp th t difficult components of the heat 
turbulent heat flux - one o e mos 
balance for direct ~asur::nt; thod.s made in the USSR (Budyko, 1946a 

Numerous works with gr ien ~ n.7. d ko and Timofeev, 1952 /J.97; 
/5'[],1948a /5:ff; Timofeev, 1951 L21t • _Bu i954 /J.,l7 end many others) and 
Methodical Instructions, edi:ed ~Y us:i~942· Holznian' 1943, and many other$ 
also abroad ( Thornthwai te ~ i Ho ~=~ of these meth~s. However, the 
have corroborated ·the grea; mpo:' the com onents of heat balance by 
observations needed fo~i~~t::~n:~:Xce· sin~e the network of bydrornete
gra.d.ie~t methods a.re s not been tak-in~ them as yet. 
orologicaJ. stations has d. t determination of heat balance com-

Among other methods ror A!ze~:~~at ( 1948, 1951 /J. & fl and others) should 
ponents, the idea of B. • ted designs of several instruments which 
be pointed out. Thi~ au;h~~e s~::~s balance ( including heat exchange between 
measure the componen 6 0 h ) b the method. of compensation. 
the aptivehtsut~aciesent-~..,!!~:sk::e bee~ used by several expeditions, and in

Aizens a s n ............. 

iods the evaporimeter designed by M.A. Rykachev 1 
So in so:9. per v rtl stations Data of observations obtained by these 

IJ.99_7 was use do~se ~y some other.evs.:porimeters have been subsequently 
instruments(:ta o~oobservation on evaporation ••• 1939 and others) •. 
published :ti with water evaporineters and evaporation re-

~unnna.ries or11:!~:r~ P~~=rs published by B.D. zarkov (1949 IJ-o~J), 
servoirs a.re ava :.t'" 

Follensby ( 1933) end others• 
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teresting results were obtained. But regrettably, the Aizenshtat method 
is best fitted for determining the components of the balance of the active 
surface without vegetation. Quite recently, a new instrument for measuring 
turbulent heat flow has been suggested by N. V. Kucherov ~1952 /J.5!J). In 
many respects it is similar to those suggested by B.A. Aizenshtat. 

The great progress in experimental meteorology has made it possible, at 
the :present time, to measure all the :principal components of heat balance 
in various pbysiographical regions. However, these observations are usu
ally insufficient for ma.king any larger climatological generalizations, 
since these special observations were taken mainly during the course of 
some special investigations and are not included in the program of ob
servations taken by the hydrometeorological network except for short-wave 
radiation measurements. 

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

The first calculations of the components of heat balance determined the 
changes of heat content in limited water reservoirs and in the upper ley-ers 
of soil. Similar calculations,11hich are relatively simple, ha'.ve been made 
in the last 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 meteorological textbooks. 

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.. 'l'hey include the above mentioned investigation by 
Angot on determining the amount of short-wave radiation 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 I s surface have only been accoinplished 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 calculation methods, he de
termined the mean annual values of heat baJ.ance components for the latitu
dinal zones of the ocean in the Northern and Eastern hemispheres, including 
calculation of the mean quantities of heat, for each latitude, which are 
transferred inside the ocean in a horizontal direction as a result of sea 
currents and macroturbulence. Though the calculation methods used by 
Schmidt were r:ather rough, ( especially that for determining the loss of 
heat for evaporation and turbulent exchange) nevertheless he managed to 
obtain a proper order of magnitude for the principal components 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 detennination of water 
balance in the world oceans. 

Among all subsequent investigations of heat balance it is proper to 
mention the works of A • .AngstrBm. In a paper published in 1920, AngstrBm 
determined all the components of beat balance for a limited reservoir -
the Lake Vassi Jaure in Sweden. Simultaneously, be essentially improved 
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the methods for calculating the components of radiation and heat balances, 
though the problem of ca1culating the amounts of beat lost ~r :T:!~on t 
and turbulent exchange bas not been successfully solved by gs r ou 
using a rather conventional hypothesis. 

In 1925 Angstrllm published a paper ( 1925b) containing the results o! 
calculatio;s 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 valuable work, was the neglect of the use of reflected radiation in 
determining the radiation balance for the warm season. Annual and monthly 
values of radiation balance without this :Principal. error have been cal
culated for the first time cr-,; Savinov for Pavlo:vsk. Thess cel.culations 
are published in the Course of Geophysics by P ,N, Tverskoi ( 1934 /JUJ) • 

For development of investigat:l,ons on heat balance of the seas, the 
paper contributed by V, V, SHuleikin ( 1935 fi,tQ]) was of great importance, 
In this work, for the first time, the compon~nts of radiation balance of a. 
single sea ( the Kare. Se&) were calculated by using the results of special 
observations and of some calcul.ations. ✓ 

Having determined the components of the beat balance, S~leikin also 
demonstrated the great importance of the warm current a:ffecting the thermal 
regime of the Kar~ Sea. This conclusion was confirtned later by direct ob
servations (SHuleikin, 1941 IJ,,.-J). 

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

In the work by F. Albrecht (1940) the values of the components of radi
ation and heat be.l..a'nce were determined for l2 points, 6 of these were lo
cated in various regions on land, 5 in various regions of the ocean and 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. A1ong With the values of the components of balances 
for a month end for an annual period, Albrecht has obtained some data 
(though very limited) on diurnal variations of the components of radiation 
and heat bal.ance. 

Attention must be paid especially to acme conclusions in this pa.per con
cerning the interrelations between the clime.tic conditions and the regiire 
of beat balance components. 

Among the works done for determining the components of beat balance for 
single points on land, the investigation by S.A, Sapozhnikova (1948b !Jof!) 
should be considered. 

s. A. Sapozhnikova accomplished the calculations of the annual. and sea
sonal. values of heat balance components for 8 ~ints, in various geograph
ical zones of the USSR. The analysis of these material.a on heat bal.ance 
has enabled Sapozbnikova. to explain some pbysicQSeogra.phical reguJ.ari ties 
(for instance, the factors determining the northern boundary of the forest 
zone), 

Calculations of monthly values of radiation balance at some points in 
the Lower Volga region have been carried out by B.M. Gal•perin (19t.,9b [f§]). 
It must be also mentioned that the calculations of radiation balance for 
some regions in the Arctic have been accomplished by- A.S. Kaledkine. (1939 
!Jifi/)=d R,N, SH:pakovska:G. (1940 /J3;f/), A detailed investigation of the 
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radiation regime and radiation balance in the Moscow region has been pub
lished by M.S. Averkiev ( 1947 /Il). There are also some works contRining 
the results of calculations of the components of radiation and heat bal
ance for a series of points in Western Siberia, (Orlove, 1954 /J82J) for 
the Yakutsk region ( Gavrilova, 1954 /'f27)and some other points in the USSR, 

The calculations of radiation and-he'at balances of various water bodies 
are methodically much simpler the.n the computations of heat balan_ce for 
the land, and they have been very much in use for the last 20-30 years. 

In developing these investigations it ve.s important that, in the cal
culations of the relationship between the loss of beat for evaporation 
and turbulent heat exchange, the so called "Bowen relationship" could be 
used. This relationship ties up the evaporation and turbulent beat ex
change on one side with the difference between the temperature of the water 
surface and air, and the corresponding difference in specific humidity, on 
the other. The appli'cation of this forrmila /J,y Cummings and Richardson, 
(1.927), and otber~_7 has greatly facilitated the determination of bea.t bal
ance components from data of ordinary meteorological. observations. 

Among the works on radiation balance and on the components of heat bal
ance for water reservoirs, the investigations of the following authors, 
on the heat balance of various seas, must be mentioned: KH.K. Ulanov -
for the Black Sea (1938 /22'F7l;o. Mertsalova - for the Barents Sea (1938 
fI707);V.V.Tyoonov and P:-P,-Kuz•min - for the White Sea (1932 /J.l'J]); 11.T. 
Cllernigovskii - for the Arctic Seas (194oa, 1940b ffi30 & 23.!J); L.F. 
Rudovits (1927 /1977); and I.A. Benashvili {.1941 /JQ/) - for the Caspian 
Sea; B.D. Zahov -for the Aral Sea (1946 Lioif); B.A. SHliamin - for the 
Azov Sea (1947 /23§/); A.F. SHishko - for the White Sea (1948 /J3'J]); JI.I. 
Egorov - for the Red Sea ( 1950 /j§/) and others. 

In modern literature on the beat balance there are also some illvesti
gations concerning the heat balance o:f' the ocean's surface. Mosby (1936) 
has compiled the radiation balance for the latitudinal zones of the world 
oceans, and determined tbe amount of evaporation from the oceans. At the 
beginning of the nineteen forties the first attempt was made to construct 
maps for the components o:f' heat balance in some regions of the world 
oceacs. Jacobs (1943) and Sverdrup (1945) designed sche..,,tic ""'P• of the 
components of beat bals.nce f~ the northern portions of the Atlantic and 
Pacific. Oceans. Albrecht (1949, 1951) computed the components of heat bal
ance for the Pacific and Indian Oceans and constructed a series of maps 
showing the distribution of the baJ.ance components. for single months and 
for the year. 

The computations of the components of WRter balance for the region of 
the Gulf Stream were published by Konoplev ( 1953 /J.3§/). Sauberer and 
Dirmhirn ( 1954) made computations and constructed maps of radiation bal
ance for the oceans of the N.ortbern Hemisphere for :four single months -
March, June, September, and December. 

The heat balance of lakes and evaporation basins has been studied by 
Cummings and Richardson ( 1927), Richardson ( 1931), Cllllllllings (1936), L,11. 
Demchenko (1952 [§rj/),sauberer (1953) and others. Investigations of the 
heat balanse in artificial reservoirs_have been carried out by A.P. 
Braslavskii and Z.A. Vilcolina (1954 L3'f/). 
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Some works, vhich have contributed some improvements to the calculation 
methods for determining the components 1)1 he~t balance, must be mentioned 
here too. Among those vorks are the investigations by A . .Angstr6m {1922) 
and S.I. Savinov (1933 /202 &2037) dealing with methods for calculating 
the total short-wave radiation. - Methods for calculating the long-wave 
radiation that first were suggested by Angstram (1916) end Brunt, (1934) 
were developed later in the theoretical investigations by K. iA. Kand.rat 1 ev 
(1949a, 1949b /133 & 1347 etc,), by M.E. Berl1and and T.G. Berliand (1952 
ff1!]), by T, V. -Kirillova ( 1951 /1267), in an experimental vork by Bolz and 
Falkenberg (1949) and in a series Qr other investigations. 
During the last 10-15 years the calculations and experimental investigations 
of heat balance on the earth's surface have_ been widely extended stimulated 
by rapidly growing demands and reQ.uests for this type of data to 7 meet the 
needs of all hydrometeorological sciences. 

In meteorological researches the data on beet balance are now used in 
calculating the transformation of air masses, Works along these lines 
include the investigation of V ,G, Kestrov (1933 /f.24-/) dealing vith the 
phys~al mechanism of droug!!_t development, and also-some works by M.E. 
Berliand (1952, 1953 etc. L22 & 2f/) and M.V. Zavarina (1953 /Ioo7) in 
which the calculations of the transformation processes are asSociated with 
development of methods for the forecasting of thermal regimes. 

Among the agrometeorological investigations in which data on beat bal
ance have been utilized are the works by Sapozhnikova. In one of her re
searches (194& /Jo§.7) the calculations of h~at 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 works accomplished under the supervision of S.A. Sapozhnikova (es, 
for instance - Climatological data for the region between the Volga and 
Ural rivers, 1951), and also in investigations of V.V. Orlove (1954 L182]) 
the data on heat balance are Ut>ed in explaining the laws governing the -
agrometeorological regime in various regions of the USSR. 

The most recent investigations of amelioration of climate have also been 
based mainly on heat balance data. For instance, in works by M. I. fudin 
(Budyko, Drozdov, L 1 Vo!_ich, Pogosian, Sapozhnikova and llidin, 1952 {567), 
D.L. La!khtman (1953 {15f/) and other authors, the data on beat balanCe 
are used for calculating changes produced by irrigation in :the hydro
meteorological regime. 

The calculations of beet balance components have also been used by M.I. 
IUdin and by the author in works dealing with methods for evaluating the 
hydrometeorological effect of the forest shelter belts (Budyko and fiJdin 
1951~ 1952 {b'2 & 6f/) and in other "Works by the author which will be ' 
mentJ.oned in chapter V. 

It must be rioted, that considerable 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 Central ~ophysical Observatory and, :particularly, by 
the expedition.to Kamenna~ Step' in 1951 (headed by Prof. Drozdov) and 
by the expeditios to the irrigated oasis of Pakhta-Aral in 1952 (headed 
by Prof. D.L. Laikhtman). Results of observations gathered by these ex-
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ped1t1ons (Trudy GGO, no. 39, 1953 and no. 4o, 1953) and stationary obser
vations organized and carried out by special agr0111eteorological stations 
have shown that the accounting ot the beat balance regiae is ot paramount 
importance for estimating the effectiveness ot tbe ameliorative measures. 

Accordingly, in numerous modem investigtttione, the data on heat bal• 
ance have been used in selecting the most effective construction of field 
protective shelter belts; in estimlting the effect of irrigation on the 
clime.te of the layer near the ground; in studying the dependence of water 
aa,unts, needed for irrigation, upon weather factors; etc. 

Among the theoretical probleas in modern meteorology that could be 
solved by using data on beat balance of the earth's surface, we vill point 
out the vorks on the theory of cl11118te (L.R. Rakipova, 1952, 1953, {J:94 & 
19f/ etc,), 

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

Also, beat balance data are used iD solving many questions of dynamic 
meteorology, where the equation of heat balance is applied as shoving tbe 
boundary conditions. Among these investigations are works on the theory 
of diurnal variations of meteorological elements, on the theory of local 
circulations, etc. Also, data on beat balance are now used extensively 
in investigations of land and see hydrology as well. In particular, the 
computations of heat balance are now one of the principal methods for 
forecasting the snow melt regime. A series of importe.."lt investi~tiooe 
of this problem has been IIIMe by P,P. Kuz•min (1947, 1950, 1951 Ll47, 149 
& 159/ etc.). Among other methods of hydrological forecasting that are 
based me.inly on data of beat balance of water reservoirs, the forecasting 
of the therm.l. regime in reservoirs including tbe forecast of freezing and 
melting of water surfaces and the process of ice melting should be men
tioned 4 

Data on hea.t bale.nee are also used in investigations of the bydrologica.1 
regime of swe.mps, including computations of tbe amounts of evaporation from 
swamps; in calculations of the amounts of evaporation and runoff for var
ious regions; and in studies of clime.tic conditions of moistening. Vorks 
along this latter line will be treated 1n more detail in chapter IV. 

Calculations of beet balance ere also of great_ importance in determin
ing t~ amounts of evaporation from the existing and from planned reser
voirs. This problem, elaborated in a particular case :by A.P. Braslavski! 
and Z,A. Vikul1na (1954 {S'i/), is of• great pract1cai i111portance. 

The heat balao.ce calculations of the existing reservoirs that have been 
made in order to allow an evaluation of c!-.ngee in the bydrometeorological 
regime, when accomplishing larger ameliorative measures, 111st also be men
tioned here. These works are directly associated with investigations of 
the beat balance of the seas and oceans vhich,pd.mrily have been JJmde for 
clarifying the regularities in the h:ydrometeorological regime of the 
analyzed reservoirs. In developing these investigations the vorks ot 
V. V. SHuleikin were of great importance. 

Data on heat b&lance have been used not only in bfdrometeorological 
studies but also in investigatioris ot general problems 1n plcy-sical geo
graphy. It is obvious, that in an investigation of the mechanism of 
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r,atural processes and their interaction, it would be very important to 
have certain concepts about the geographical regularities in transformation 
of solar radiation on the earth's surface, which actually is the me.in basis 
and source of energy for all natural exogenous processes. Accordingly, 
A.A. Grigor'ev bas established many relationships connecting the character
istics of radiation and heat balance of the earth's surface and atmosphere 
with the intensity of major physicogeop;raphical processes (his papers of 
1937, 1946, 1948, 1951, 1954 /Bo, 81, 82, 83 & 847 etc,). Among the stud
ies in this direction we will-also note the inveStigations done by D.L. 
Armand { 1949, 1950 /J3 & 1~) and by author ( these will be reviewed later). 

A rapid growth of requests for data on heat balance stimulated a con
siderable expansion of climatological investigations concerning the dis
tribution of the components of radiation and heat balance. 

Up to the middle forties, tbe climatological regularities of the com
ponents of heat balance had not been sufficiently studied. Data on the 
mean values of the components of heat balance on lend were available in 
literature for only a few points, end the accuracy of their calculation 
vas completely unknm.'TI. For water reservoirs, there was more data avail.
able ( calculations for some seas and 1.akes and schematic maps for some 
portions of the ocean surface); hovever, 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 this into account, a group of scientists in the Central Geo
physical. Observatory has undertaken detailed 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 all compo~ents of heat balance, which would permit an objective veri
fication of the do:?gree of accuracy of the accomplished computations of 
the balance equation, This_questicn was first solved for single point 
conditions (Budyko, 1946c L377), and later for a large land region--the 
southern areas of the EuropeSn USSR (Budyko 1947 /387). Having confirmed 
in this 'w8Y, a sufficient reliability of developed iiiethods for determinin~ 
the components of the balance, the authors was able, for the first time, 
to construct maps of the distribution of heat balance components for the 
mainland's surface. 

In ensuing works of the Central Observatory many other maps have been 
designed: seasonal and annual nEps of the components of heat balance for 
the European part of the USSR (T .G. Berli'a.nd, 1948 /257); annual maps of 
the balance components for the extratropical portion' Of the northern 
hemisphere (T .G. Berlfand, 1949 /267); annual maps of radiation balance 
f9._r West Europe and for the easte'rll part of North America (Zubenok, 19490 
Liorj/); and some calculations of the latitudinal values of the components 
in the _Northern Hemisphere have been accomplished (Budyko, 1949b /427). 

Having made all these investigations, which were to a certain-eitent 
of a preparatory nature, the authors,T.G. Berlf8nd, and L.I. Zubenok· have 
carried out a work on designing the world maps of the balance components 
for single months and for the year. This series of maps contains indices 
of tbe total short-wave radiation, of radiation balance on the earth's 
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surface, on evaporation and heat losses for evaporation, on turbulent heat 
exchange between the underlying surface and the atmosphere, and also, e 
map (for the year) of the heat amounts gained or lost by the ocean surface 
es affected by the sea currents. In total, this series contains 66 maps 
which show the general geographical regularities in the transformation of 
solar energy on the earth I s surface. 

Annual maps of this series have been published in the Marine Atlas 
Vol. 2 (Budyko, Berlia.nd, Zubenok, 1953 FJol) together with the expl~a.tory 
text in an article (Budyko, Berl!'and, Zubellok, 19540 /5i/). The whole 
series of maps has been published in 1.955 in The AtlaS of Heat Balance Lfr[f. 

Since the -world maps of heat balance are necessarily of a schematic 
nature, more de!_ailed maps have been designed by T.G. Berli'and end M.A. 
EfimovEI (1955 /2~__7) for the USSR. They show the total rsdiation and radi
ation balance [monthly and e.nnual). The latter series contains a total of 
26 maps. 

In addition, detailed maps of evaporation and amount of l"M!!et spent for 
evaporation have been constructed in the Central Observatory for a portion 
of the USSR for single months. 

Along with this work, the celculations of diurnal variations of the 
r!!_dietion balance components in various climatic zones (Biriukova, 1955 
£3"if) have been made, and some features in the variations of the components 
have been studied .. 

Evaluating the whole scope of data on the climatogrephy of heat balance 
that have been obtained during the recent years, we can say that, et the 
present time, the knowledge of the distribution of some balance components 
in time end space is not less than that about the basic meteorological 
elements ( for instance, we now have world maps of total radiation and radi
ation balance for all months of the year, whereas no similar maps exist 
for such important meteorological elements as precipitation). BO"Wever, it 
mu.st be noted that the majority of heat balance maps are of a schematic 
nature, and their reliability is not always adequate, especially for 
regions with scarce data on the hyd.rometeorological 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 expansion for the study of climatological 
regularities in heat balance end provided new conclusions of a general 
nature. Thus, these data, in conjunction with some special studies of 
heat exchange in the atmosphere, provided a basis to refute the earlier 
ideas that the atmosphere, by and large,transfers the heat to the earth's 
surface through a trubulent heat exchange (Budyko end fudin, 1946, 1948 
/§"o & 617). The accomplished calculations of heat balance have promoted, 
for the-first time, a compa.rison of quantities of heat carried from the 
lower to the upper latitudes in the atmosphere end hydrosphere (Budyko, 
1949b LTi27). 

WithoUt the mention of other climatological regularities, which have 
been found by analyzing maps of heat balance components, we will note only 
that, these data heve been used in works on the theory of climate mentioned 
above; in invest~gations of the general circulation of the atmosphere 
(Usmanov, 1953 {22~7 etc.); in works on description of climates in various 
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regions (as, for instance, in works of Fedorov and Baranov, 19491 /J2.f/ 
OrJ.ova, 1954 IJ.agf, and others); in synoptic climatology; and also in many 
inyestigations of the 1'vd,rometeorological effects of ameliorative measures, 
which have already been mntioned above. 

The n~ data on the climatograpy of heat balance have been used exten
sively in various pbysicogeograpbical investigations. Among these are 
recent works by A.A. Grigor•ev (1951, 1954 ['63 & 81<7) on the theory of geo
graphical. zoliali ty, and also sOJlle works by the autiior ( l.948b, 1949", 19508, 
l95l.b f!io, 41, 43, & 4§1 and others). 

In these works the author bas tried to apply the data of the energy bal ... 
ance to the study of pbysicogeographical regularities by a deductive method, 
on the basis of general pbysica1 laws. This method combined with utiliza
tion of empirical. data and general.1zst1oos, greatly expands the possibilities 
of geographical investigations. 

The utllization of data on heat balance bas made it possible to estab
lish certain regularities and relationships that exist between the climatic 
factors on one side, and the bydrometeorological regime, the geobotanical 
zonal1ty, soil zones, end some indices of the productiveness of natural 
vegetation on the other. 

The development of investigations in this direction reflects the recent 
tendency to tie up more clos&ly 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 geograph,y. 
It is conceivable tba.t, a combined use of the pbysicogeographical and geo
physical method of investigation will expand the possibilities of solving 
meey practical and theoretical problems, related to physical geography as 
well as to geophysics. 

Chapter II 

Methods for the Clinletol.ogical. Cal.cul.ation of the COIIG)oneots of 
Heat Balance 
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In the preceding chapter it is stated that the existing data of direct 
observations of the components of heat balance are very scarce and, as a 
rule, are not sufficient to warrant more extensive climatological general
izations. Therefore, the studies of spatial distribution of the balance 
components are based, at the present time, principally on indirect cal
culation methods, making use of ordinary meteorological observations ot 
temperature, humidity, cloud amounts, precipitation, wind, soil and water 
temperatures, etc. 

Tbe methods of climatological calculations 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 (whet.her, for instance, 
there are available date. on cloUds for various heights or only on total 
amounts, etc.). on the other band, the degree of details in the method 
used must also depend on the nature of the problem to be tackled - so, a 
calculation of schematic maps of some mean values of the heat balance com• 
ponents for the land and oceans could be accomplished by using a less 
differentiated method, as compared with that used in calculating these 
data for smell regions in microolimatic investigations, or for separate 
short periods of time. 

The methods for climatological calculations of the balance com,ponents 
for the long period averages (long-period mean vaJ.ues, monthly and annual) 
have already been developed to a more or less higher degree by now. The 
problem of developing methods for calculating the components of heat bal.
ance for shorter periods, by using the basic meteorological observations, 
bas not been solved in its entire scope as yet. 

§ 3. Radiation :Balance 

In cl.imatological calculations of radiation balance, its value is . 
usually determined by formula ( 5) es the difference between tbe absorbed 
rad1e.tioo ( Q + q ) ( I - • ) ( where Q- is the direct radiation, q -the 
scattered radiation, •- tbe albedo) and tbe effective outgoing radiation 

J. When using this method for calculating the radiation balance, the 
emount of tbe total radiation ( Q+q) must be determined first. 

As bas been said iD chapter I, only total radiation is the one single 
component of the radiation end heat balance which is 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 located 

i' 
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in the European pa.rt~or the USSR and in North America. Due to this fact, 
N.N. Kalitin t..-as able to construct a map of annual amounts of_total radi
ation for the European USSR as early as 1945, Kalitin (1945 Li2rj/). A 
little later, Hand constructed a similar map for the United States, Hand 
(1953). 

In other regions the net of actinometric stations is very sparse and 
does not permit any climatological generalization or any, more or less, 
detailed construction of maps for total radiation. On the oceans there 
are practically no observations of this type of any, more or l.esa, system
atic nature. 

Therefore, it is impossible to make a comprehensive investigation of the 
distribution of total radiation over the world witholi.t using the methods 
of clil'Mtological calculations. 

The first investigations in calculating the amounts of sbort-~ave radi
ation received by the earth 1 s surface were conrined to the determination of 
the direct radiation only. In the work by Angot, cited abo-.,re and also in 
ensuing invest!.gations by S.I. Savinov (12,25.;. 1928 L2oo & 20,Y), M. Milan
kovich (1939 llTf/), V.G. Kastrov (1928 L12~), B.M. Gal'perin (1949a L?'j_l) 
end other authors, certain methods have been devel.oped for ca.lculating 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 investigations have not been used very 
much for calculating total radiation because of the cumbersome formulas, 
tru!ir influfficient accuracy, and the necessity to take into uccount many 
pare.meters that are quite variable and have not been studied sufficiently. 

A simple and sufficieot method for determining the total radiation has 
been su,!!gested by A. Angstr&n ( 1922), Kimball ( 1928) and Savinov ( 1933a, 
1933b L202 & 2037). 

In an investigation published in 1922 .Angstr&n suggested the following 
formule. for determining the tottl radiation: 

(21) 

where (Q+q) and (Q+q)o-· the total radiation with nature:! conditions 
and a clear sky ( no clouds), S - the rat lo of observed sunshine hours to 
the possible amount for the given period, k- a coefficient, determining 
what portion of the possible radiation consists of actual. radiation with 
overcast sky conditions. Using the observational data from Stockholm 
}\ngstrl!im found that coefficient k was equal to 0.235. ' 

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

(Q+q)=(Q+q), {D,29+o,7J {l -n)j, (22) 

where n - is the mean cloud amount in tenths. 
S. I. Savinov ( 1933a, 1933b {202 & 20J]) investigated in detail the 

interrelations between the 'values S and ( 1- n ) , using observations taken 
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in Pavlovsk, and he found that these values usually di!'fered considerably 
from each other. Savinov came to the conclusion that the best agreement 
with the true value of the ratio of the actual amount of solar radiation 
to the possible radiation could be obtained by using the mean arithmetic 
value of S and ( 1- n). 

For cal.culations of the direct and total radiation Savinov suggested 
the following :formulas: 

Q=Q,(1-ii) (23) 

and 
(24) 

where 

c-coefficient showing the effect of clouds on radiatioo. 
According to the conclusions reached by Savinov, and also by B.M. 

Gal 'perin (1949a /757) and other authors., in the calculations of total 
radiation the utiliZation of factor Ti gives better results in comparison 
with those obtained by using the characteristics of the general cloudiness 
or sunshine hours. However, for many region$ there are no reliable data 
on sunshine hours end therefore this compels us to use the de.ta on clouds 
when determining the amount of total radiation. 

The works of S .I. Savinov have contributed to the po,Pularity of the 
formulas given above and they have been largely used in clim.tological 
calcula.tions of the amounts of short-wave radiation. Of great importance 
is the feet that the amount of ,Possible radiation (Q+q)0, that is included 
in fornru.las (21), (22), & (24) appears to be a rather stable factor, which 
depends mostly on the latitude and season. This facilitated the use of 
these formulas for ce.lculating the total radiation. 

Among other empirical methods for determining total radiati01, the 
formulas suggested by V.N. Ukraintsev, (1939 /2217) and Albrecht (1940) 
must also be mentioned. - -

Using observations of stations located inside the zone between 35° and 
70°N, Ukra.intsev hes set up the follo..,.ing formula: 

<Q+q)-m~s+,,, (25) 

where ts - is the total amount of sunshine hours, ,n end n - are the co
efficients, which depend on the season end latitude. 

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

The testing of Ukraintsev' s method on results of recent observations 
has shown tbat oftentimes it gives extenuated values of total radiation. 
It is 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: 

(Q+q)=asin1t0(b-.;~~)11 +(1 -~)nJ cal/cm2/min (26) ., sinh0 • , 
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vhere40-1s tbe altitude of the sun, a, b and'l)-are numerical coefficients. 
When calculating the amount of total radiation for more or less longer 

periods of time, the data obtained by this formula must be summed up eccord
Ulg to diurnal varia.tions of the sun's altitude. 

Raving determined the values of coefficients a and b by using !,he scarce 
observationai data, Albrecht found•= 0.31-0.34 cal/crr?-/min, b=5,0-7.4. 

Comparing the results obtained by Albrecht 1 s formule vith observational 
data it could be found that the formula usually shows rather large system
atic errors, mainly extenuating the valuf!:s of total radiation. 

This is apparently connected with the feet thet Albrecht started with 
very insufficient observational data when deriving formula (26) and deter
mining its coefficients. Some better results, as it seems, could be ob
tained by using the other Albrecht fornnla which has, with some simpli
fications I the following form: 

The coefficient a., according to observational de.ta, varies in limits 
l. 7-2.4; the coefficient b0 approximately equals 0.32. 

The physice.l meaning of this relationship was explained by K. IA. 
Kondr&t 'ev ( 1954 /I37 7) . 

In investigatiODs -on the climatology of heat balsnce, made by the 
Central. Geopbysical Observatory, the following equation has been used for 
calculating total radiation: 

to~~ern literature this formula is usually called the Savino-.Angstrclm 

The parameters, included in tbs formula, have been determined by T G 
Ber.lihd from data. of actinometric observations {Budyko l3erliand zube~ok 
1954a, 1954b /Jl & 5g/). ' ' ' 

The :mean monthly values of possible radiation {Qi-q)0 have been found 
for V-....?ious 1.atitudes and f'or all months of the year by the suggested 
method or V.11. Ukra.intsev (1939 /J2!:]). • Using this method, graphs have 
been constructed for stations located in various latitudes ehowin b 
the abscissa, the day of the year, and by the ordinate, th; corres~ndLig 
d.a~ amounts of total radiation derived from several years of observations. 
The points on the graphs vere located inside certain r1;::gions with a very 
definite upper ~dary. Since the upper points on these graphs apparently 
show tbe _ cleB.r a.sys conditions, we can draw o. curve through these points 
and ~btain the ann~ march of the daily VDlues of totnl radiation under 
~~:: ;;:!s:~~t:n~bl;h~. data whiah huvo been determined from this 

It must be said here that the values of poooible rodio.tion, shown by 
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tbis table, are a little larger than those found in moat of tbe preceding 
investigations. This difference is apparently connected, to a certain 
degree, with the utilization of the values of possible radiation from 
comparatively limited observational date., oftentimes obtained by obsolete 
inst7'Uments, which extenuated the values of the diffused radiation. On 
the other band, some features of Ukre.intsev•s method {which gives the 
possible radiation of a highly transparent atmosphere, lJrather than 
conditions of average transparency) could contribute to the !'act that the 
values ot possible radiation given in table l could be a little bit exag
gerated. However, es will be explained later, this fact should not lead 
to any noticeable systematic errors in calculations of tota1 radiation by 
fonm.tla ( 27). 

For· determining the coefficient k, which accounts for the effect of 
cloudiness on the total radiation, data of observations from various • 
latitudinal zones have also been used. Tbe coefficient k presents tbe 
ratio between the actual radiation under overcast sky conditions and the 
possible radiation. It must depend on the meen altitude of the sun, on 
the properties of clouds and on the conditions of reflection ot: short-wave 
radiation ( the value of the albedo) . 

Consequently, the mean values of the coefficient k, will be different 
for different regions, and also, th1s coefficient will change according 
to diurnal end annual variations. 

The mean annual values of coefficient k, averaged for various latitudes 
a.re presented in table 2. 

Tbe values of coefficient k given in table 2 have been computed from 
data of actinometric observations at 62 locations. Since this coefficient 
vas computed by fornrule. (27) with the actually observ-ed mean values ( Q+q) 
and calculated the values (Q+q)~, by the above cited method, it is quite 
clear, that a small systematic error in values {Q+q)0 vill accordingly 
change the values of the coefficient k. 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 l 
and 2, the effect of changes in the transparency of the atmosphere and 
the effect of changes in the mean heights end forms of clouds a.re counted 
only as the mean factors of the latitude /Jhrough the latitudinal. changes 
of values (Q+ q)0 and k_]. Besides, these calculations do not account !or 
the annual variations of coefficient k, whic:h,according to many authors, 
could be quite significant. 

Consequently 1 the analyzed method for calculating total radiation must 
be regarded as a rather schematic one and mainly for use in calculating 
the distribUtion of radiation over vast areas of a continent and over the 
whole globe. An important advantage of this method is seen in the pos-

I) Besides, 1n determining the possible radiation by Ukraintsev 1 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 
increases the total radiation in comparison with a cloudless sky. 
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sibil.ity o! using only the most readily avail.able data on general. cloudi
ness { since climatological. data on trequency of various torms ot clouds 
are Jnissing or 8l:'e not sufficiently re1iable for many foreign countries 
and many portions of oceans). Tbe question of the accuracy of total redi• 
ation amcwrts calculated by- using formula (27) and tables 1 and 2 v1ll be 
analyzed in § 6. 

Ie.titude J F M A M J J A S O N D 

80"II 0,0 0,0 2,5 9,6 17,9 20,3 
75 0.1 o.s 4,0 11,2 18,7 2o,9 
70 0.2 1,4 5,8 12,7 19,4 21,4 
65 0.8 2,5 7,6 14,1 20,1 ~1 60 1,7 3,9 9,6 16,4 ~:: 55 3,0 5,6 11,5 16,6 22,7 
50 4,7 7,5 13,6 17,8 22,1 23,0 
46 6,6 9,4 15,4 19,0 22,6 23,3 
40 1gi 11,5 l}l 20.0 ~~ . 23,5 
35 13,6 ~l:3 23,5 
30 12,7 15,2 19,5 23,0 23,6 
25 14.3 16,5 20,3 21,8 22,9 23,4 
20 lS,5 17,5 20,8 21,8 ig ~; 15 16,6 18,3 21,0 21,6 
10 17,4 19,0 21,0 21,3 21,2 21,2 
5 18,0 19,5 20,8 r.;; 20,4 lt~ 0 18,5 19,8 20,4 19,2 

18,9 10,8 3,6 
19,7 12,3 5,3 
20,3 13,7 7,0 
21,0 15,1 

1~:: 21,6 16,4 
22,1 17,7 12,3 
22,5 ,as 14,2 
22,9 2o,1 16,0 
23~ 21,1 17,6 

~~ ~ 
18,8 
19,8 

23,1 20,5 
22,7 22,2 21,0 
22,1 21,8 21,1 
21,2 

~~ 21,1 
20,1 20,8 
18,7 19,6 2o,4 

0,4 
1,7 
3,0 
4,5 
6,1 
7,7 
9,6 

11,6 
13,4 
15,1 
16,5 
17,6 
18,5 
19,2 
19,6 
19,9 
20,0 

0,0 
0,2 
0.7 
1,5 
2,6 
4,1 
5,8 
7,7 

&i 
13,6 
15,0 
16,3 

o, 0 
0 
I 

,4 

0. 
0, 
0 
1 
2, i 
3, 
5, 
7. .. 

II, 
13, 
14 

8 
7 
7 
& 
4 
1 

,5 
7 17,3 IS. 

18,0 I 
18,6 17 
19,018, 6t 

Total. radiation with a. cloudless slcy' (Q+qJo kg-ca.1/crif!/month. 

.. 75 70 65 60 55 60 46 40 A: ••...• 0,55 0.50 0,45 0,40 a.as 0,36 0.34 0,33 .. 35 30 25 20 15 10 5 0 i' ..... o,32 a.a:- 0,32 0,33 o,33 0,34 "'34 0,33 

Mean latitudinal. values of the coefficient It. • 

A more differentiated method of calculating total radiation should take 
into accOUDt the effect of fonns and heights of clouds on total radiation 
in each location, and shoul.d also account for the effect crt changes in the 
transparency of the atmosphere. 

The effect of changes in properties of clouds on the annual. mercb of 
radiation could be approximately accounted for by changes of the values 
of coefficient k . . 
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The annual variations of the correponding coefficients in the formulas 
of Savinov and Angstr8m are analyzed in the paper by B.M. Gal.•perin (1949a 
[f:f/). In this investigation it is painted out thst coefficient c ot 
Savinov's fornula (24), in some regions, changes considerably during the 
year. 

our calculations have proven that, by utilization of formula ( 27) the 
changes of coefficient k during the annual period are also perceivable, 
but usually the neglect of these changes will not produce any considerable 
errors in the calculations of total radiation amounts. 

Another way of estimating the effect of cloud properties on the total. 
radiation is the incl.us ion of indices in the cal.cul.at ion formulas, shoving 
cloud quantities at various cloud heights. So, for instance, P.P. KUz'min 
( 1950 {f4'iJ) assumed that the ratio of the actual • ..,.,nt of total radi
ation to the possible 1s: 

where no- is the total. amount of clouds; ,,,_ - the amount of I.ewer cl.ouds} 
c1 end c1 - are the coefficients; the first is eqlld.l to 0.14, the second 
to 0.67. This method of calculation could be appl.ied to those cases when 
date on lower cl.ouds are available. ,1 

In the investigation by A.P. Braslavsk.11 (Braslavski! and Viltulina, 
1954 /337) the problem o! estimating the effect of sOl!IO additional. factors 
in dete'rmhl.1ng the amount ot 'total radiation hes been studied. Braslavsld! 
indicated., and rightl.y so, that 1n calculations of the possibJ.e radistion 
by theoretical methods, the effect of the albedo of the surface on the dif
fused radiation (this means, on the total radiation es veil) J111st be 
directly estimated. The effect of the a1bedo on the total radi.a.tion is, 
to a certain degree, taken automBtical.ly into account vhen used in cal
culating the amounts of possible radiation, that beve been found by ob
servations for the actual state of the surface. 

The cal~ulations made by Braslevskif shoved tbat changes 1n tbe at
mospheric transparency which Bl'e associated with changes in humidity of 
the air and el.so changes in heights of places up to a level of several. 
kilomet;rs, exert only en incODsiderable influence on the emouot of total 

rad;::i;:~blem of methods for cl.imatological calculations of diurnal var .. 
ietions 1n the total radiation hes been el.aborated by L.A. E:irlukova (1955 
fJy). For this purpose she has used formula ~27) and bas determined the 
Parameters of this formula from observational a.eta• 

Diurnal. variations of the amounts of possible radiation have been com
puted by Biriukova,using the idea of Ukraintsev•a method. The graphs of 
diurnal variations have been constructed for all. months of the year for 
7 l.ocations in the USSR: Pavlovsk, Riga, Sverdlovsk, Irkutsk, Odessa, 
Vladivostok, Tbilisi. Tbe calculations showed tbat, the values of the 



possible radiation depend basically on the latitude, see(s~D arll\:~u~o~!l 
the day Tbe computed values of the possible radiation .e . ., 
radiati~n of a cloudless sky) at various latitudes are given in table 3. 

Table 3 

Totel radiation with a cloudless sky (Q+ q~ kg-cal/c~/)hour 
( according to observations made in the U .S .S ,R. • 

I Hours 

Lat, !Mo .• 
21 ~1 1i I 1i ! 3 

60"N I 
II 

Ill 2 
IV 1 3 IO 
V 4 10 19 

VI 2 5 13 22 
VII I 5 12 19 

VIII 2 7 14 
IX 1 4 
X 

XI 
XI! 

55 I 
II 
m 3 
IV 3 10 
V 2 6 17 

VI 1 4 11 2-0 
Vil 3 8 15 

VIII 2 5 13 ·,x 1 6 
X 1 

XI 
XII 

50 I 
II I 

Ill 1 4 
IV 3 10 
V 5 15 

VI 2 9 19 
VII 2 6 14 

VIII 1 4 " IX 6 
X 2 

XI 
XI! 

45 1 
II 1 

Ill 4 
IV 2 9 
V 4 14 

VI 2 7 19 
Vil I 5 15 

vm 3 11 
IX 5 
X 2 

XI 
XU 

17 16 I 15 
7 8 9 

I 
2 

I 5 13 
6 15 25 

40 21 31 

" 39 47 
31 40 48 
29 40 47 

" 34 40 
12 21 30 
3 11 19 

2 5 
2 

2 7 
2 8 18 

13 21 33 
2-0 31 42 
28 39 50 
30 41 5-0 
27 37 47 

" 34 42 
14 24 36 
5 13 23 

3 IO 
2 

3 11 
4 11 21 

12 24 38 
21 53 44 
28 41 53 
30 44 54 
27 40 52 
25 36 46 
15 27 40 
7 16 26 
1 5 13 

1 6 

1 5 15 
4 14 25 

13 25 42 
21 35 48 
30 45 58 
31 46 58 
30 45 58 
26 39 r,o 
16 30 45 
9 19 30 
2 5 17 

3 10 

14 13 
10 11 

6 10 
19 24 
31 49 
49 53 
55 58 
55 60 
55 59 
47 51 
39 43 
27 31 
10 15 
3 6 

13 18 
38 33 
42 46 
50 56 
57 60 
58 62 
56 62 
50 55 
45 50 
32 39 
18 24 
6 11 

19 25 
3' 42 
48 52 
54 61 
60 65 
62 68 
61 66 
54 61 
51 57 
36 43 
23 " 12 18 

24 32 
39 46 
53 59 
59 66 
66 70 
69 75 
66 71 
61 67 
57 64 
43 49 
28 34 
20 26 

12 

12 
29 
37 
56 
60 
62 
61 
53 
44 
3' 
18 
8 

20 
36 
49 
58 
62 
66 
63 
56 
53 
40 
27 
13 
27 
45 
54 
63 
68 
70 
68 
63 
59 
46 
31 
20 

35 
50 
61 
68 
73 
77 
14 

I ~ 51 
3 7 
29 

35 

Having at band the data on diurnal vari ■tions of the Possible radiation 
and comparing them., according to f'ormul.8 (27), with data of observations 
on total. radiation, it is easy to compute the diurnal variations of co
efficient k and to determine its average relationship to the altitude of 
the sun. 

This relBtionship., determined from calculation data for several points 
in the USSR., is presented in fig. 4. 

ho 
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JO 
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OO e-!-c/0;,-~IS--!,O~;CC5-CJ0,---;3;-5 -,;';oc-;;4,C-· -,7,;,0:-:;';5!J H 10 1 

Figure 4 

Relationship of coefficient k 
vith the sun's altitude. 

As can be seen from this graph, the magnitude of coeff'icient k decreases 
vith the diminisb.ing height of the swi. The reason for such changes is 
a,Pparently found in the fact that, in tb.e presence ot clouds the increasing 
length of tbe sunbeam path in the atmosphere diminishes consid.era.bly the 
amount of radiation that reaches the earth 1 s surface, as coll_P&red with the 
amount during cloudless conditions. 

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

Hav1Dg at bend the data of total radiation, the value of the albedo of · 
the underlying surface for sbort-WHve radiation mJ.st be computed to enable 
us to determine the amount of absorbed radietion. 

At present, am_ple data from observations on the me:an values of tbe al
bedo for various underlying surfaces are available. Among the numerous 
works of determining the albedo we will mention the papers by A. Angstram 



(1925a), A.A. Skvortsov (1928 /Jl:Yl, 1'.11. Iralitin (192.9 {f:l.ff/), !l.M. 
Gal.•~rin (1938 /Jlj/), P.P. KUZ'llin (1939 @€/),I.II. llroslavtsev (1952 
ffi421), T. V. Kirillovs ( 1952 /J2:fll, which included surface observations 
of tbe albedo; and works by L.I. Zubenok (1949b {J.o§/l, Fritz (1949), and 
Y .L. Guvski! ( 1953 /J'i/) wbere tbe albedo of tbe underlying surface wea 
determiDed from an a1rpl.ane. 

The consolidated results of albedo measurements for various types of 
surfaces h&ve Ileen given 1n works by l!udyko (l94&_/j9J), :Berl!end (1948 
/J'fl), Guvskil ( 1953 ftfll, ICondrat • ev ( 1954 -;}3'i/T iand others. The mean 
values Of the albedoi obtained by the most reliabl.e measurements in vari ... 
ous pbysical geographical conditions, are presented in table 4. 

Albedo of the natural surfaces. 

TD!B of surface Albedo Types of surface Albedo 

Snow and ice Fields,. meadows I tundra 

Fresh, dry snow o.&:>-0.95 Rye and wheat fields 0.10-0.25 

Pure, white snov 0.60-0.70 Potato plantations 0.15-0.25 

Polluted snow o,40-0.50 Cotton plantations 0.20-0.25 

sea ice 0.30-0.40 Meadows 0.15-0.25 

Dr:y steppe 0.20-0.30 

Tundra 0.15-0.20 

Bare soil ~ 

Dark soil.a 0.05-0.15 

Moist grey soils 0.10-0.20 Coniferous forestb 0.10-0.15 

Dry, ciq or grq soils 0.20-0.35 Deciduous forests 0.15-0.20 

0Dry, light, san~ soils 0.25-0.45 

Por better schemt'-c clilmtological. computations of the absorbed radia
tion, it is more convenient to use tbe aore generalized average values of 
tbe albedo, which are ebown 1n table 5 (l!udyko, llerlimld, Zubenok (l.954b 
f3tf). 

Prom. data in tables 4 and 5 l(e can see that, 1n -erate altitu4es tbe 
values of the albedo fr011. tbe l.atld surface will change considerably ln tbe 
annual course, reaching the JDIIJWll1ID in winter months when a stable snow 
cover is observed. 

Table 5 
Mean values of tbe albedo for the min types of natural land surfacaa. 

Stable snow cover of higher latitudes 

( 60° and higber) •••••.•..••.•.••.. , 0.8() 

Stable snow cover of the middle latitudes 

(bel.ov 60°) ••···•···•···•·•···•···· 0.70 

Unstable snov cover . . . . . . . . . . . . . . . . . • . . • • • . . . . . . . . • • . • . • . .. . . . . . . • . . O .45 

Coniferous forest •••••.•.•••.••••••••••.•••.•••••••••.••.•••••••••• 0.l.4 

'l'undra, steppe, deciduous forest., savanna in the m1at season ....... o.l.8 

Savanna 1n the dry season and sem14eserts ••• •••••••••• •••• ••••• ••• 0.25 

Deserts ............................................................. 0.30 

Tbe highest values of the albedo are observed 1n winter in the high 
latitudes, where the surface of snow is preserved pare and is not polluted., 
since the air contains only inaigoificant amounts of dust. Veey large 
values of the albedo for fresh snov are also noticed 1n D>derate latitudes. 

Coopered vitb that in moist areae, a higber albedo bas been observed 1n 
dry regions and especially deserts. Even ,a., the albedoes -sured ill 
deserts are subject to wide fluctuations 2J, however, as a rule, tbey are 
still larger thsn that of the vegetation covered surface. 

The modern investigati911s by I.1'. fuoslavtaev (1952 ffei-9_7), v.L. 
Gaeveki! (1953 /J'fl), K. IA. KoDdrat•ev and 11.E. Ter-Marllarlants (KoDdrat•
ev, 1954 /r3'J]), and otber authors, have shovn thst the values of the land 
surface albedo often change considerably during the day. With the l.over 
altitu4ea of tbe sun ( 1n tbe moroing and evening hours), tbe albedo is 

2) The color of soil surfaces in dese~s 1s veey variable, v6lch provides 
for a correspooding variability of albedoes and this tact is oftentillle en
cOUDtered even within a limited geographl-cal, i:egion, 
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usually con5:iderably larger. The reason for this is seen in the different 
reflective capacity of the rough underlying surfaces, for sun rays felling 
at different angles (at high sun, its rays 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 Yegetation layer and a larger portion is reflected 
by the surface. ) . • 

Besides, the diurnal. va.riations of the albedo ere sometimes also affected 
by the spectral composition of short-,rave radiation at different heights of 
the sun. •• 

In climatological calculations of diurnal variations of the amount of 
absorbed radiation, the relationship between the value of the albedo and 
height of the sun, es found by L.A. Birfukova (1955 LI{/), from observa
tional data, could be applied. Bir:fukova has noticed that, for the snow
less period the albedo in its diurnal veriations changes diurnally, de
pending on the height of the sun and cloud amounts. It hes also been found 
the.t an increase in cloudiness diminished the degree of dependence of the 
albedo on the height of the sun, because the increase in cloud amounts re
duced the direct sun radiation end augmented the diffused one, the absorp
tion of which does not depend directly on the height of the sun. 

The relationship between ~a ( difference between the value of the .albedo 
at a given hour and at noon) and 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. 

This graph can be used for an approximate estimation of the diurnal 
variations of absorbed radiation du.ring the snow less periods. When there 
is a snow cover, according to Bir:Cukova, there is no need of estimating 
the albedo variations in determining the amount of absorbed radiation. 
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The albedo of water surfaces is, on the average, leas than that at most 
of the natural land surfaces. A relatively great absorption of short-wave 
radiation in water reservoirs is explained by the fact that the sun rays 
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 a.t high sun to 
almost lOa,'., for the sun near the horizon. 

The dependence of the albedo on the angle of the sun rays could be 
calculated theoretically by Fresnel I s formula. Many authors have sho"WD 
that theoretical calculations of the albedo for direct radiation comply 
fairly well with observational data {Kondrat'ev, 1954 £13'[/). 

The albedo of a water surface for diffused radiation varies in much 
closer limits, and on the average it is on the order of 8-loj. The esti
mate of albedo variations for diffused radiation, as dependent on cloudi
ness and on other factors, might be of some importance in calculating 
amounts of radiation reflected by the water surface. However, for those 
climatological calculations of amounts of absorbed radiation that are of 
interest to us ( the absorbed portion is usually larger than the reflected 
one), the possible variations of the albedo for diffused radiation are 
insignificant and do not affect the results o! 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 
annual and diurnal course. 

To determine the average values of the albedo of water reservoirs in 
the investigations made by Budyko, ~rliand, Zubenok ( l954a, l954b Ri & 
5Y), the data of S.I. Sivkov (l952 L2l';ff) 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 meBll relationship betveen direct end diffused radiation at various lati
tudes, we found the values of the albedo of water surfaces for the total 
radiation and they are given in table 6. 

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

In climatological calculations of solar radiation absorbed by water 
reservoirs, it nru.st be kept in mind that, the change in the state of va.ter 
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 substantial degree, the values of absorbed radiation. Since 
the mean values of the albedo of. water surfac·es 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 insigni.ficant 



degree. This permits a neglect of the effect of vavee on the e.J.bedo vben 
calculating the sums 01' absorbed radiation for periods on the order of e 
month, ot ten days, etc. 

TabJ.e 6 

Weter surface albedo for total radiation. 

Lat. J F M A M J J A S o N D 

I 
70' N - 0,23 0,16' 0,11 0,09 0,09 0,09 0,10 0,13 0,15 - -
6() 0,20 0,16 0,11 0,08 0,08 0.07 0,08 0,09 0,10 ll,14 0,19 0,21 
50 0,16 0,12 0,09 0,07 O,G7 0,06 O,G7 0,07 0,08 0,ll 0,14 0,16 
40 0,11 0,09 0,08 0,07 0,06 0,06 0,06 0,06 0,07 0,08 0,11 0,12 
30 0,09 0,08 0,07 0,06 0,06 0,06 0,06 0,06 0,06 0,07 0,08 o,w 
20 0,07 0,07 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,06 0,o7 0,07 
10 0,06 0,06 0,06 0,06 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 radiation balance it is necessary to take into 
account 11ot only the Bmounts of short-wave radiation lost by reflection 
but a.leo the loss of radiation heat through the effective outgoing radia
tion. 

The radiation of the underlying surface follows the Stefan law end is 
equal to s08!, cal/c'IF/min~, vbere8w-is the temperature of the surface,a
-the Stefan-Boltzmann's constant, which according to recently obtained 
data is equal to 8.14 • 1.0-11; ~- is the coefficient which characterizes 
the deviation of radiation of the given surface from that of a black body. 

According to measurements me.de by- Aleksandrov and Kurtener ( 1941 /I!), 
Falkenberg (1.928) and other authors, the values of coefficient s for the 
most natural surfaces are equ'3.l to 0.85-1.00. • 

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

The methods for measuring counter radiation from the atmosphere and 
also for the effective outgoing radiation have been under development for 
a long time,. but only recently the instruments for measuring outgoing radi
ation at various hour& witOOut sizeable errors have been contructed. The 
instruments that were employed earlier had some constructive defects and 
oftentiloos bad a faulty calibration, which was the reason for the exag
gerated values ot the effective outgoing radiation {this is explained by 
the fact that the calibration was usually done -with the pyrgeometer of 

.Angstr8m or vith some instruments that were previously ca.J..ibrated with it. 
This pyrgeometer, as was discovered later, gave substantially exaggerated 
readings (M.E. Berlia.nd end T.G. Berlfind, 1952 f!J±.l)T. 

The most satisfactory, of all modern instrument's for measuring outgoing 
radiation, is the effective pyranometer by- :tlniehevski:t' and the vibrational 
pyranometer by Falkenberg, though these instruments are not without fault 
either. Observational data, obtained by various instruments measuring the 
effective outgoing radiation, have often been used for determining the rate 
of dependence ot the effective outgoing radiation on meteorological factors. 

Most of the formulas connecting the value of the effective outgoing 
radiation under a cloudless sky with the temperature and humidity of the 
air,. have the following form: 

(28) 

or 
(29) 

where / 0 - is the effective outgoing rediatiC11, o- s.ir temperature, 
e--vapor pressure, a1, b1, c1, a2 and b2 - coefficients. 

The first of these eque.tions was suggested by AngstrBm, the second by 
Brunt. 

Tbe coefficients in formula (28) and (29) vere determined, in some in
vestigations, from observatione.1 data. 

In climatological calculations of effective outgoing radiation, the 
Angstram formula. had earlier been used with the coefficients given in 
Linke•s meteorological textbook (Linke, 1931,), a1 =0.19i>, b,=0.236, c,= 
O.o69, for determining the effective outgoing radiation in cal/crr~./min. 
end air humidity in mn. 

In researches of recent years tbe theoretical methods for determining 
values of effective outgoing radiation have been developed. In this field 
the papers by K. IA. Kondrat •ev (19i>9a, 1949b {f33 & 1'34J, etc.) were of 
great significance. He established end put in use the scbeme of a dif
ferentiated eccowiting of the spectrum of absorption coefficients of long-
wave radiation iD the atmosphere. ,.... . 

Utilizing the results obtained by R. I.A. Kondrat 1ev, M.E. Berliand has 
established a. theoretical relation of the effective outgoing radiation in 
a cloudless sky to air tem_pera.ture end humidity (M.E. Berlfud and T.G. 
Berliand, 1952 ?All. 

This relatioD cal1 be approximately expressed in the following analytical 
form: 

I, =s06• (0,39 -0,058 Ve), (30) 

where e-is in mm., / 0 - in cal/cm2-/min. 
For practical computations it is convenient to use table 7, which has 

been computed according to :Ber118nd 1 s calculations. 
It should be noted that the relation that bes been established by M.E. 

Ber.liand, theoretically, turned out to be very close to the empirical re
lationship which was found by Bolz and Falkenberg (l9i>9) from 1320 obser
vations ta.ken with a vibrB.tional pyranometer under a cloudless sky. 
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Besides the air teiqperature and bumidity ,some other factors exert a 
substantial influence on the effective outgoing radiation. These are: 
amount of clouds and the difference 1n temperatures between the soil sur
face and tbe air. 

~ 

Effective outgoing radiation with a cloudless sq 
in q,-cal/~/min, 

r- - -
Humidity of the air 11111 

e -
I 5 • I 7 I 8 I ture 1 2 3 4 6 10 12 

-20" 0,11 I 
-15 0,12 
.-10 0,13 0,12 
-5 0,14 0,13 0,12 

0 0,15 0,14 0,13 0,12 
5 0,16 0,15 0,14 0,13 0,13 0,12 

10 0,171 0,16 
0,15 0,14 0,14 0,13 0,12 0,11 

15 0,17 0,16 0,15 0,15 0,14 0,13 0,12 0,11 0,10 

20 0,17 0,16 0,16 0,15 0,14 0,13 0,12 0,11 
• 25 0,17 0,17 0,16 0,15 0,14 0,13 0,12 

30 0,18 0,17 0,16 0,15 0,14 0,13 

15 

0,10 
0,11 

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

l=l,(1-cn), (31) 

wbere /- etfectiv.e outgoing radiation at the existent cloud amount, n-
- cl.oUd amount in tenths, c- coefficient. 

.Angstrnm. found the average value of c to be O. 75, Askl6f, Dorno and 
other authors found the average value of c varied for clouds of dif
ferent heights - for high clouds the magnitude of this coefficient turned 
out to be D11cb smal!er than that of lower ones. Considering this fact, 
R ,G. Efimov ( 1939 /jif) suggested the following formula for calculating 
tbe effective outgoing radiation dependent on clouds 

(32) 

where n,o nc and n.-are amounts of clouds for the higher, middle, and lower 
layers, CB, Cc and cH-= the corresponding coefficients. Efimov estimted 

43 

these Coefficients aS being: C• = 0.15-0.20; Cc= 0.5-0.6J CH= Q. 7-0•8• 
In the work by I.G. Liutershtein and A.F. CHudnovskir (1946 /J.0fl) sane 

larger values of these coefficients are given: 

Recent investigations show that according ·to observat1onsl data 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: 

l=l,(1-cn"), (33) 

where m=l.5-2.0 
Obviously, when determining the value of c under overcast s]!y conditions, 

this value will be the same whether derived by formula (31) or (33). 
The theoreticsl c\1:culs.tions of the mean values of coefficient c for 

various latitudes has been done by M.E. Berllmld. In these calculs.tions 
he has taken into account the mean frequency of clouds at various heights 
in various latitudes. The obtained values of coefficient c are presented 
in table 8. 

,· 75 

C 0 0 82 

•• 35 

C Q.65 

70 

o.80 

30 

0.63 

The mean values of coefficient , • 

25 

o.61 

20 

0.59 

55 

0.74 

15 

0.57 

50 

0.72 

lO 

0.55 

45 

5 

0.52 

lio 

o.68 

0 

Smsller values of this coefficient in lower latitudes are e,c;plained 
mainly by greater heights of middle :!,ayer clouds in these regions. 

In some· works (Kuz'min, 1948 /J.4FJI; Bolz, 1949) the effect of clouds on 
outgoing radiation is ta.ken into account by introduci?g a correction, but 
this correction does not refer to the effective outgoing radiation, bUt to 
the value of the counter radiation from the atmosphere. As he.s been shown 
by K. ft. Kondrat 'ev ( 1951 /J:3'if), such a method for cslculs.ting the effect 
of clouds on outgoing radiation has no substantisl advantages in ccmparl.son 
with the use of formulas (31) and (33). 

In the latest works of the Central Geophysical Observatory on construc
tion of radiation be.lance maps, the effective outgoing radiation has been 
calculs.ted by the following formula: 

(34) 
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The second term ot thia toraila permits en esti.Jlate of the effect of 
temperature differences between the underlying surface and tbe air on the 
effective outgoing radiation~ 

When there is a difference in temperatures, the effective outgoing radi
ation changes, and thi1 change is represented by Sa8• _ s,6• which is 
approxille.tely eq11&l to: 4508,(0.-a). .., 1 

The theoretical explanation of this correction can be found in several 
vorka (Kondrat•ev, 1951 /J.3'f]; M.E. Berliand and T.G, llerl!'ond 1952 1247. 
and others). ' L; - ~ 

When usillg torrmla ( 34) coefficient s was on the average taken as o 9 
values c and i0 were computed from tabl.es 7 and 6. Tbe temperature of~ a' 
tbe active surface for water reserroirs,ean be determined from observe _,•' 
tional data. Since there are usually no reliable data. on temperatures of 
tbe underlying surtace on the me.inland it is feasible to use an indirect 
method. 

In tbe author's vorka ( Budyko 19Ji.9a !Jy, 1950b LT+lg and others) the 
turbulent Btream of heat has been determined by formula: P=b(B _,&) 
where b- is the coef'ficient of ProPortionl!ll.ity (Dk>re details ;bout' this 
relationship can be found 1n § 4-). '!'a.king into account this relationship 
and also foI'llUlas (Ji.), (5) and (31') the following equation llll1Y be set up: 

b 

4so6S(6., -6)= (Q+q) (l-fl)-/o(;-c112)-LE A. 

1+4~ 
(35) 

The term ~ is variable and, 1Il partieular, it depends substantially 
on the intensity of the turbulent exchange in the air layer near the ground 
However, considering the fact that the term 4sa81 (b'., - 8) usually presents • 
a comparatively smell correction to the radiation balance value ( except 

~r the ccld season in temperate and higher latitudes), we can use for 
;:e a=~=:e ~~~ulation of radiation balance, Just the mean val~e of 

The results of the compu.tations permitted tbe following conclusions 
about the average clil'Dlltic values of the term b 

4so!l3: 

1) For conditions when 
(Q-j-q)(l -a) -/0 (1-cn') -LE-A>O, 

the value of the ratio 4 s~oa is, on the average, 3; 

2) For conditions when (Q-j-q)(l -a)-/0 (1 -cn')-LE-A<O, 

the value Of the ratio 4 !o, is, on the average, 1. 

• The different values of the analyzed ratio in these two cases a.re the 
result of the fact that in the first ce:se, in th~ air layer near the ground 
a eupera.diabatic atrat1:t'ication prevailed and the turbulent exchange was 
;einlorced, whereas in the second case an inversion took place that dimin ... 
... shed the intensity of turbulent exchange. • 

Uti;ization of the given mean values permits an approximate determine .. 
tion OJ. the effect exerted by the term 4s:8B(Our-&) upon the effective out-
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going radiation and the radiation balance on 1and ( the question about the 
calculatia, of values LE and A, included in the fornw.as will be analyzed. 
later). 

The outlined method for the climatological calculation of effective out
going radiation perm.its one to deteniine 1t5 me.gnitude from ordioory mete
orological observations of temperature, humidity, cJ.oudiness and (for reser
voirs) water surface temperature. In eases when data on heights and forms 
of clouds are available, as well as data on vertical. distribution of tem
perature and hwnidity in the troposphere, more di:f'ferentie.ted method.a for 
determining the effective outgoing radiation can be employed. S'?.! for in
stance, in the investigation made by M.E. Berliand. and T.G. llerl1Blld (1952 
/Jb-J), and in some other works, the average values of coefficient c, for 
various forms of clouds, are presented. The appl.ication of these coe!fi
cienta in those cases when data on cloud :forms are e..vaile.bl.e can me.ke the 
cal~ulations of the effective outgoing radiation more precise. The question 
of the necessity of accounting for the vertical distribution of temperature 
and humidity when calculating the outgoing radiation bas been analyzed in 
many researches. The computations accomplished in recent years by V.V. 
Mukbenberg have sho-wn that, when long period means of the effective out
going radiation are determined for single monthe, the estimB.te of the really 
observed vertical gradients of temperature does not effect any larger 
changes in those values of' the effective outgoing radiation which have been 
determined according to the scheme described above I proceeding only from 
d.8.ta of surface observations. 

However, it mst be pointed out that, for cal.culations of the effective 
outgoing radiation during shorter periods, vertical gradients of temperature 
and humidity are of substantial importance. In such calculations it vould 
be expedient to use methods that have been elaborately develOl)ed in the 
latest works of F.N. SHekhter (1950 /2367), T.V. Kirillova and. E.D. Kovaleva 
( 1951 [faW) and other authors. - -

§ 4. Tur'bulent heat exchange between the underlying surtace: 
and the atmosphere 

The temperature of the underlying land surtace, as well as that of water 
surfaces, is usually different from the temperature of the lower layer of 
the atmosphere. Consequently, a vertical flux of heat arises between the 
underlying surface and the atmospbere,effected by turbulent heat conduction 
in the air 18.yer near the ground. 

The evaluation of the vertica.l turbulent beet flux usually presents the 
greatest difficulties, 1D comparison with evaluating 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 tUI'bulent flux of heat are based on the 
equation of Fick, which was used in calculating the flov of heat and mois
ture in the atmosphere, by Taylor (1915) and Schmidt (19l.7), 

This equation is now -widely used in studies of heat exchange and ex
change of moisture in the a.ir layer near the ground. 



A■awdng that, occo.nling to the idea ot Taylor and Schmidt, the proceBB 
ot tu.rbVJ.ent diffu■ioa 11 1:lm1lor to that of molecular diffusion, "" will 
obtain the folloving fOZ'llllla for the Yertic■l turbulent heat fl.wt in the 
air ~ near the grOlllld: 

(36) 

vhere p- is air density, c, - hK', capacity of the air at constant pre■-
■u:re, /I_ coefficient of the turbulent exchange, ~ _ vertical gradient 
of the ab■oluta teperature. 

In e'l"Btion (36), tt,er■ 11 no need to take into account the value ot the 
equilihl'iUll gradient 31 ■ince in the ~r near the ground there usually 
are gradient• exceeding the equilihl'iUll gt'lldient■ by 10-100 times. 

Integration ot fOZ'llllla (36) by z vill re■ult in the e'l"Btion: 
P= pc,D (8• - 8), (37) 

vbln, t., 1■ the t-reture of the active aurtaoe, 8__,.ir t-rature at 
,,_ height, D- intagral char■cteri■tic ot the conditions ot vertical 
turbulent traneter that goes on between the underlying surface 1111d the 
atlloapher■, which will further be called - the coefficient of external 
diffusion. 

TIii lut -tion actual.4 presents the ""11-lmown •evton lav that 
aatabliobed tbl relationahip 1,e-., tbl haat exchange 1111d difference in 
t-rature■ of the surface ot a heated (or cooled) body and the air. 

l!quations (36) and (37) present the basis for a aeries ot •t-s for 
deteniining the turbulent heat excblnge. It is usually poBSible to apply 
the first ot theae equation vhen sea, special obaervations ot the gradient 
are available, i.e., vhen ve have on - mea■u:rements ot the vertical 
t-rature gradient in the ~r near the ground, and also measurements 
ot the gradients ot tho■e •teorolog1cal elements which are necessary in 
c■lculating the turblllent exchange coefficient k . 

Let ua anLcyZe briefly the--• for determining the coefficient of 
exchange. 

801111 ot these methods are baaed on tbe utilization of measurements ot 
vertical at:i:euia of heat and moisture. 

In a>dem reaearches, the •t- frequently used in detel'llining the 
coetfico.ent ot exchange from meaaureants of evaporation was the one 
initi■lly -•tad in 19',6 (Buayko' 1946■ /Yf!>. 

The easentisl features of this met- follcv. By analogy with equation 
( 3(>) for the conditions of the air 1-r near the ground "" may write the 
tormla: 

(38) 

3} The equilihl'iw,11 gradient represents a vertical gradient of t-rature, 
which brings the t'1U'bulent flux of beat down to zero. Accordlto re
■earche■ made by the author and M.I. :iudin (19"6, 1948 ffe & 6 , the 
value of the equ111bri1llll gradient ia, on the average, about o. per 100m. 

where E - ia the s-d of evaporation, f- the vertical gradient of 
apecific bwaidity. 

•uarous experillOntal inveatigationa J,a-,., proven that the coefficient 
of turbulent exchange in the air layer near the ground increases with height 
according to a lav that 1a close to the following equation: 

(39) 

where k1 - is the coefficient ot exchange at a unit of height. 
IDtegreting equation (38) by ,: and taking fonala (39) into account, we 

vill obtain: 
(40) 

vhere q1 and q, - are the specific bwaiditiea at heights z, and z,. 
Renee we can see that tbe v-lue of exchange coefficient k1 could be cOJl

putad"by fonmla: 

(41) 

This equation hos been u■ed any times in determining the coefficient 
of exchange, by -ditions, when aeasuring evaporation and air 110iature 
at two heights. 

Another method for determining the coefficient of exchange. ( the so-called 
met- of heat balance) is baaed on the utilization ot a formula that iB 
derived from equation (36), integrating it by " and tsk1ng into account 
equality (39). Thia formla is: 

P=pcpkt 01-#82. 
1n...i. ., 

(42) 

Eliminating the values of P and E, from forllUl.as (40) and (42) and from 
the equation of heat balance we will obtain the following fol'lllllla for the 
exchange coefficient: 

(R-A)Jn.!1 

k,=, [•p(o, o,>+L(~,-~,i] • (43.) 

llov the ..,thod of heat balance iB one of the main weys in determining 
the coefficient ot exchange, derived from observation• taken by -4it1ons 
(Rusin, 1952 /r9B7; Ogneva, 1955 /J.797 and others). It 1111St he noted that 
the principal-forml.a of this method\43) is based on the uaumption that 
the values of the exchange •-ficient for heat and moisture in the air 
layer near the ground are very similar. This assumption., which used to be 
very debatable (see Sverdrup, l935bJ Pasqu1ll, 1949), was later confirmed 
bz a series of recent investigations (Budyko, 194& l!'if; Timofeev 1951 
L21'if, and others) . 

In recent years many authors have pa1d a great deal of attention to the 
development of such methods, for determining tbe w.l.uea of exchange coeffi
cients in the air layer near the. ground, which would not be baaed on the 
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use of data on evaporation or radiation balance measurements. 
In reaurcbes of Ros■by (1932) and Rossby and Montgomery (1935) a ■em.

empirical tbeory of the boundary l.enr vaa used in determining tbe values 
of turbulent exchange in the air l.a1er near the ground. In accordance· with 
Prandtl•s (1932) point of view, Rosaby and Montgomery assumed that, with 
an adiabatic distribUtion of t._rature, tba mixing langtb in the lower air 
l.a1er increases lineary with height, and at the level where the wind speed 
equals zero (at z ), it reaches a value which is proportional to the rough
ness bf the UDderqing aur.face, i.e.,. 

l=•(z+z,) ,. (44) 
Wbera 1- is tba lllixing langtb; z, ~roughness; • - a constant without 
diMnsions, approxiately equal {according to experiments in tubes) to 0.38. 

According to Prandtl, the DBgnitude of turbulent friction •· 1n the 
boundary ~r ia: 

•=pl'{%i)'-px•(z+z.>1(ir. • (4S) 

a. 
wbere r, - is tbe vertical gradient of wind speed. Baving assumed the 
hypothesis that, in the lowsr layer of the atmosphere • is constant vi th 
height, we can obtain the folloving equation of the wind prafila, by inte
grating equation ( 45) by z : 

u=..!.. "'~1n!±!t (-46) 
.,_ r P Jfo 

and for the coefficie:it or turbulent exchange: 

(47) 

wbl!re "• - is wind speed -.urad at the height or z,. 
It can be seen from f0l'lll1la (47) that, in the air layer near the ground 

tbe coafficient or exchange is proportional to z and to wind speed a , and 
that from. fOl'llllas ( lf5) and ( 46), the vertical gradient or wind speed ia 
al.ao proportional to the speed. 

llumerous observations on wind profiles in the lover layers of the at
mapbere have shown, bowewr, that the mo.gnitude of the vertical gradient 
or wind speed over a given underlying surface depends substantially not. 
only on wind speed, but also on tbe vertica1 distribution of ~era tu.re .. 

So, tor instance, in our works (l!udyko, 1945, 1946b L34 & 3£1) it was 
established that tho! ratio or the wind speecj. at 5m to that of lm depends 
on tbe wind speed at 2m and the difference in tenq,eratures between 20 aad 
150cm. The relationship presented in fig. 6 shows bow substantial the 
effect or thenal stratification is on wind proriles in the air !eyer near 
the grOlllld. On temperature deer•!'•• with height (which is shown in fig. 6 
by the positive values or 118) the ratio of wind speeds at two heights de
creases considerably as compared to that- under conditions of en inverailln. 

In accordance with this conclusion it becomes clear that the effect of 
vertical. temperature distribution on the coefficient of exchange llll■t 
necessarily be taken into account. 

•Figure 6 

Dependence of the wind speed ratio at 5m and lm lavels 
on wind speed at 2111 ( ue) and on temperature difference 
between the heights or 20 and 150cm ( •& ) according to 

observational data. 

'rhe queation abcut the effect or the vertical. temperature profila on the 
turbulent exchange in the air lqer near the ground was analyzed in a aerie, 
of researches, including theoretical. as well as experimental investigations, 

A wide range or investigations on this problem have been ,,,u,oDq>lished, 
particularly at the Central Geopbysicel Observatory {l!udyko, 1946b, 19'!8a 
7J6 • 397; Lai'kbtman, 1944, 1947 §.52, 153 a. l'Ji!; 'l'imteev, 1951 ffi12{ and 
any otber), 

The first works of this series have already established the fact that 
during daylight hours the values or the exchange coefficient in the air 
layer near the ground are considerably higher than those determiDed by 
tOl'IIUla ( 47) tor the equilibrium state of thermal stratification. For night 
hours a reverae relationship vu found. Consequently, tbe uae of the &bove 
given tomula ( 47), obtained in a semiempirical. way, for determining the 
turbulent exchange coefficient, will inevitably result in large errora in 
computing the exchange for daylight hours, which are the most :Important for 
determining the turbulent beat exchange. 

Thia conclusion has been corroborated by results of a veriticatioo ot 
evaporation calculations that were done earlier by Tborntbwaite and llol.zman 
( J.942), who computed the evaporation by using the coefficient of exchange 
obtained by a formula that did not take into account the effect or tbel'lllal 
stratification. 'l'bo verification ot these computations was made by methods 
of beat aad water balance, and it shoved (Bwlyko, l9"6b /J€1) that, the 
failure to account tor the equilibrium effect on tbe exchange may lead to 
very great errors in determining evaporation and tur'bul.ent heat excbange. 

In my worn ( 1946, 1948& /J5, _36, 37 & 3'z.7l the follaving fOl'IIUla waa 
suggested tor computing the effect or equilibrium stratification on the 
turbulant exchange: ,. = kpf, ( 48) 

ffibera kp -is the coefficient or exchange at the equilibrium state, /-
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!Unction depending on g,ara~teriatica of the Richardson •s number in the air 
~er near the ground. iii or~., but independent of height ( ·~&- difference 
of the a.bsolue tempera'f:"ures-at two levels, Au - difference in wind speed at 
two level.a, u -'Wind a-peed)]. 

From equatTon (48) and fran s- additional assumptions the following 
formula for the coefficient of exchange vaa obtained: 

0,144.:UI [ :-r2 ~, l k=-- 1+1n%(.iu)'i Z, 
ln.!a_ I 

(49) 

.. 
where /J.u--: 1n m/ee<; for the beights,z1. and.Zi,; 6.6- difference in temperature 
at same heights. 4 J 

This fol'Dl11.a permits the c&lculat1on of the exchange coefficient without 
using ezr:/' data on the roughness of the underlying surface z~ On the oth«' 
band, the necessity of taking into account the values of wind speed differ
ences at two heights Aii. , which are usually measured with a considerable 
error I lovers the accuracy o'! the exchange coefficient computation when it 
is done by fol'llllla ( 49). 

More precise resul.ts have been obtained by ca.I.culating the coefficient 
of exchange by using formulae, similar to formula ( 49), but involving data 
on wind speed at one height only. In this case, however, it is necessary 
to utili21-e de.ta on the roughness of the underlying surface. 

Fig. 7 shows the dependence of the exchange coefficient, at the height 
of lm, on wind speed a.t this level (1u1) 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 al.ti• 
tude). The isolines of the exchange coefficients (in crrf!./sec) have here 
been computed for the roughness value equal to 2 cm, which approxima.te.ly 
represents average conditions for the warm season on land. 

Some other semiempirical formulas for determining the coefficient of 
exchange, that take into account the effect of stability( have been sug
gested by M,P. TiJOOfeev (1951 /Jl'f/) and D.L. Latkhtman 1944, 1947 /552, 
153 & 15lf/, and others). Fig. 8 shows the c-arison of the exchange 
coefficient r~lationships .rt.th the ratio of temperature differences at two 
heights to the second power of 'Vind Speed, i.e., with the parameter that 
characterizes sta~111ty • according to formulae by Timofeev ( curve 2 ) , by 
Le!khtmsn ( curve 3), and the author ( curve l). 

This graph distinctly shows the sufficiently close similarity of all 
three formulae {Budyko, Laikhtman, Timofeev, 1953 /3Ffl), The good agree
ment of different methods of computing the exchange coefficient is one 
of the indirect proofs o! their sufficient reliability. 

These tormul.a.e were teated on Bil!ple experimentaJ. materiaJ.. For this 
purpose the c~ted coefficients of exchange were partly used, according 
to the evaporation and vertica.l gradient of moisture s..11.d according to 

4.) It must be kept in mind tbat, at tni; ,::'? a factor is attached which 
~ for the order of magnitude used here, very close to one (Budyko 194& 
L~2f). ' 
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meanreaenta of radiation balance by earlier Mntioned :methods. 
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Dependence· ot the exc~ge coefficient at tbe l 11 level 
(in cri!/sec) on themal stratification M and. on wind. 

speed at 1 m. 

Figure 8 

Dependence of the coefficient ot exchange on 
the stability according to fol'mlla.s developed in the 

central qeopbysical Observatory. 
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The results of tbis verification showed (13udyko, 1948a {397; Timofeev, 
1951 /ih{J; Budyko, La!khtrnan, Timofeev, 1953 {5f[/, Ogneva, 1955 LI72/ and 
others) that the semiempirical formulae obtained in the Central Geoph,yical. 
Observatory for computing the coefficient of exchange from gradient obser
vations can render quite a satisfactory rate of accuracy 5). 'It should be 
mentioned here, by the way, that the use of these formulae permitted a 
quantitative interpretation of the empirically established relationship of 
vertical. -wind speed and. temperature gradients vi th vind velocity, vhich is 
presented in fig. 6. The same kind of relationship. obtained by calculatior, 
and presented in fig. 9, shows e greet similarity with the empirical re
gularity. Such congruence serves as a confirmation of correctness for the 
scheme used in estimating the effect of therml stratification on turbulent 
exchange. Among other works dedicated to analysis and development of meth
ods for determining the coefficient of exchange in the air layer near the 
ground.,_ those ma.de by scientists of the Geophysical Institute .A .M, Obukhov 
1946 llTJ]; Monin end Obukhov, 1954 LI7z7 and others, should also be 
mentioned. The results of these works, which contain a series of inter
esting theoretical. considerations, bave not as yet been compared with em
pirical mterials. 

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 ( u2) and on temperature differences 

between the levels of 20 and 150 cm ( D.0 ) according to calculation data. 

As a result of the e.pplieation of metbods described above, for deter
mining the eoeff.icient of the turbulent exchange in the eir layer near the 
ground, a series of principles concerning this coefficient were found and 
investigBted, 

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

Ll2_gical stations, has been developed. by N.P. Rusin (Methodical Instructions 
lTlJ 1954). ' 
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The available data permits the following conclusions to be made concern
ing the basic principles underlying the V1'3.riations of the exchange coeffi
cient: L The coefficient of exchange in the air 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 a 
superedie.ba.tic stratification) the coefficient of exchange usually increases 
somewhat faster than the height; during night hours (with inversions) the 
increase of the exchange coefficient occurs at a somewhat slower rate. 
Therefore, variations of the exchange coefficient vi th height could be cal
culated by formulae using the generalized expotential lav, which vas sug
gested by D.L. Lafkhtman: 

k=k,,•-•, (50) 

where a-' is a pare.meter, less than zero under superadiabatic stretifieetion 
conditioDs, end greeter than zero under inversion conditions in the air 
layer near the ground. It should be pointed out thet, under average condi
tions during daylight hours ( including noontime), as well as at nighttime, 
the parameter e _is very small - usually it is not greater then+ (0.10-0.15) 
( Ogneva, 1955 /1797). -

This conclu6iorl shows that in climatological calculations of the exchange 
coefficient diurnal variations with height, B practically sufficient accu
racy could be obtained by using formula k = k 1z. The vertical distribution 
of temperature, wind velocity and air humidity ,resulting from the formulas 
given above, will be presented in the form of vell.-known logarithmic laws. 

2. The mean values of the exchange coefficient at a level ot 1 m, during 
da2light hours of the "Warmer season on land, are on the order of 1500-2000 
cm /sec, Daily variations of this coefficient in the warmer season on land 
are very large, reaching a maximum in the afternoon and a minimum at night 
and in the early morning hours. Under clear xeether conditions the coeffi
cient of exchange may vary at least 10-100 times its value duriDg 24 hours. 
In cloudy weather and witb. high winds the diurnal variations of tb.e coeffi
cient of exchange are smaller. 

The annual variations of the coefficient in moderate latitudes reach the 
greatest values in summer because of the increasing roughness end great 
euperediabatic gradient of temperature during daylight hours. 

In winter the coefficient of exchange diminishes considerably because of 
the insignificant roughness of the snow surface and frequent inversions 
during daylight hours. 

3- On large water 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 
~mall. Besides the wind speed, the eoefficient of exchange, in this case, 
is also affected by the form of the underlying surface (waves), but, this 
influence is comparatively insignificant. 

Considerable diurnal and annual variations of the coefficient, end also 
some changes caused by a series of variable factor6, lliBke 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 periods. 

In those ceses where it is possible to determine the value of the ex-
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change coefficient, and the vertical gradient of temperature is known, tbe 
value of the turbulent heat flux can be calculated by formula (42). How
ever, since a.vailable results of the gradient measurements are very scarce, 
use of formula ( 42) in determining the turbulent beet flux cannot be of any 
great importance in cli..matological calculations. 

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

The coefficients D and k are directly related to each other. After 
integration of equation ( 36) by z , between the level. of z = 0( where 6 = 6 ) 
and the level z with temperature ,6 , we will obtain the :f'ormule: • 

P- '',(~w-'), (51) 

and resulting from this: f? 
D-+. (52) 

/~ 
But it should be indicated here tha..'b value l differs from coefficient D by 
its com-foratively small dependence on height. Elementary estimates have 
shown thet beginning 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 calculating 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 somewhat mote 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 pe.rameters in formula ( 37) - the coefficient of 
outer diffusion D and the temperature of the underlying surface B.., .. 

To determine coefficient D for land, two basic methods could be used. 
The first is based on equa.tion ( 52), i.e., on utilization of the relation
ship of the outer diffu~ion coefficient and the exchange coefficient. 

When performing the integration of the denominator in formula ( 52) it 
should be kept in mind that, the turbulent exchenge regularities 

~=l:~=t~~d~:!!~ng surface, i.e., with vecy small values of z, a.re very 

The authors of the majority of earlier theoretical researches on heat 
exchange an~ evaporation have used different hypotheses, about the form of 
function k (z) with small z , for determining the integral /z dz • This 
'Was done without any substantia.tive proof. k 

So, for instance, in the work of M.E. SHvets (1941 L2347) 0it was assumed 
:i~=d t:; ~~:!i:~ent of diffusion for heat and moisture tr'ansf•r is deter-

(53) 

where Zo. - is the aerodynamic roughness . 
In other investigations (Dorodnit~t",1941 /~7; SHvets 1943 /J3'if; 

Liutershtein and C!!udnoski:l'. 19!,6 IJ.61±!, and others) the foll.owing model 
was uaed: 

k-k,z+k, (54) 
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( k0 - coefficient of molecu1er ditfusion), 1.e., it vea assumed that, !lt 
the surfece the value of the exchange coefficient reaches that of the co
efficient of molecular diffusion, which is usually considerably s:me.l.ler 
than value k1zD. 

In addition, some authors, when using models (53) or (54), assumed that, 
at the surface a thin laminar sublayer exists in which the diffusion batS a 
molecular character; Millar (1937) end Montgomery (1940) also assumed that, 
over "the sea surface the height of the laminar sublayer is determined by 
the Ka.mm lavs. 

The results of numerous observations of the vertical distribution of 
wind speed in the air layer near the ground shoved that, the prevailing 
majority of natural surfaces on land are "rough, 11 which means that the 
transfer of turbulent friction to the underlying surface occurs not through 
the sublayer by molecular viscosity (as 1n smooth tubs), but directly by 
the elements of roughness ( irregularities of soil surfaces and plants), 
upon which local gradients of pressure are dependent. 

Consequently, it might be assumed that, in natural conditions, en aero
dynamicel laminar 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 natural 
rough surfaces an experimental investigation W!I.S carried out (194.7). The 
temperature of a bare underlying surface, and the air temperature at severe.l 
levels wee measured bye thin resistence thermometer. 

The ratio of differences in temperature between the surface and a height 
of 150 cm (6., - 6110) and differences in temperature between 55 and 150 cm 
(865 -8160), obtained by measurements taken during daylight hours, ere shown 
in fig. 10 by dots. 

Figure 10 

The relationship between the difference in 
temperatur~ at two levels and the difference 
:l:.n temperature between soil surfaces and the 

air. 



Linea 1 and 2 show the relationship between values (6.-8m.J and.(805-6u0) 

according to formulas (53) and (54). As can be seen in this case,from the 
location of the dots, both !ormulss do not fit, since jumps of temperature 
betveen the underlying surface and the air, that heve been predicted by 
these schemes, turned out to be considerably extenuated. The distribution 
or dots in fig. 10, could be described,on the average, by line 3, which 
fits the value of relationship: 

(55) 

Hence it should be concluded that, the use of formulas (53) and (54-) for 
determining the relationship between values of the ex.change coefficient and 
the coefficient of diffusion may lead to considerable errors. Instead of 
using these equations it is expedient to utilize the empirical relation
ships, which e.re analogous to formula ( 55). 

Considering the fact that the following relationship could be derived 
trom formulas ( 37) aDd ( 42): 

(56) 

( 81 J and 0, - air temperatures at heights of Z1 and Z2 ) • We will esswne that: 

D- ak,, (57) 

where a- is the coefficient vhich depends on the boundary conditions of 
heat exchange of the underlying surface. 

Proceeding1from the experimental data given above, we find that the 
value of a=15. Other experimental results, that have been obtained during 
daylight hours over various kinds of surfaces without vegetation,usually 
provide values of a that vary bet"i(een the limits of ½ -1/5.6) 

For night periods with temperature inversions, in -che air layer near the 
ground, coefficient a grows considerably in comparison with the dayl.ight 
hours I values and, on the average, it exceeds these values by 3 - 5 times. 

Although, determining coefficient a in each individual case is usually 
a difficult matter, nevertheless, formula ( 57) could still be used for 
estimating the mean val.ues of <!oefficient D. 

Other methods for determining the coefficient of outer diffusion, by 
ans.logy with methods for calculating the coefficient of exchange, are based 
on measurements of heat end moisture streams. So, if data of eve:poration 
rates are available, coefficient D could be determined by the following 
formula: 

(08) 

5) Determination of coefficient a is connected vi th considerable methodical 
difficulties because of the necessity to measure the temperature of the 
underlying surface Dw • Utilization of mercury thermometers or various 
kinds of electric thermometers with sensing parts that were not thin enough, 
resulted in considerable errors in determining 6w , and subsequently, in the 
calculations of value a. But the most complicated problem is the measure
ment of temperature of underlying surfaces with vegetation. 

and, if data on the measurement of radiation balance and on heat excbange 
in soil are on hand, the following equation can be used: 

(59) 

By application of these relationshi:ps., e series of data on the coeffi
cient of' .external diffusion on lend hes been obtained. 
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Proceeding from available de.ta the foJ lawing conclusions concerning the 
principal properties of the coefficient of external diffusion can be derived 

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

2. The mean values of the external diffusion coefficient, during day
light hours on land, are on the order of l.O-J..5 cm/sec. With inversions 
the external diffusion coefficient decreases, in compsirison with its values 
a.t superadiabatic gradients of temperature, but the dependence of the co
efficient of external diffusion upon the:rma.1 stratification is markedly 
'Weaker than the analogous dependence of the exchange coefficient ( this is 
effected by certain changes in the conditioDs of heat exchange on the under
lying surface, and reflected in coi:responding changes of coefficient a ) . 

The mean daily values of coefficient D are markedly smaller than those 
for daylight hours, and for the warm season on land they are about O.6-O.7 
cm/sec. 

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

3. On large wter bodies the coefficient of external diffusion chsnges 
considerably, depending on changes in wind velocity. On land, the mean 
values of this coefficient depend on wind speed to a much lesser degree 
since, in the first place, the variability of the mean wind speed on a 
great portion of land is relatively low, and in the second place, a reduced 
.rind velocity observed at superadiabatic gradients results in a greater 
effect of the thermal factors on turbulent exchange, vhich partly compen
sates the reduction of the external diffusion coefficient (Budyko, 1947, 
194& L38 & 397 and others). 

A lesser v8riability of the external diffusion coefficient on land, as 
compared with the variability of the exchange coefficient, facilitates the 
utilization of its mean values in climatological calculations. However, in 
calculations of heat exchange in water reservoirs for a long period, it is 
necessary to even take into account the dependence of coefficient O on wind 
speed. 

Besides difficulties encountered in determining coefficientD;when cal
culating the heat exchange on land by formula (37), there will also be _some 
difficulties in detennining the temperature of the underlying surface 80-. 
The concept of the underlying ( or active) surface, lbich was established 
much earlier by A.I. Voelkov (1904 {(ii/), appears to be vecy complicated 
for lend surfaces. In this case., especially so for vegetation, the under
lying surface actually presents a layer of considerable thickness, and 
inside this layer, more or less, rapid changes of temperature, and other 



meteorological elements, take place in a vertical direction· 
The only, more· or less, reliabl.e method for determining the temperature 

of the underlying surface under various conditions, is the use of the radi
ation thermometer, 1.e .. j a method for calculating temperature from measure
ments of the change in the long-wave radiation flux. This method has been 
successfully employed in a series of researches but, because of technical 
diffiucl.ties it is not very popul.ar. 

Among other methods for measuring the values of a. , the use of thin 
resistance thermometers has brought some satisfactory results. These ther
tnemeters were placed on a, more or less, leveled soil surface without vege-

tation. 
A lesser degree of accuracy was obtained by measuring the temperaJ~ure of 

the underlying surface vi th mercurial thermomet~rs pla_£ed on the soil sur
face. some researches (for instance that of Zubenok,[1oy1947) have shown 
that even on the bare soil, the readings of the mercury thermometers could 
have coneiderabl.e errors in measurements of temperature of the Wlderlying 
surface. However, it must be kept in mind th.et those errors that arise 
from use of the mercury thermometers are to a certain extent of a system
atic nuture, wbich facilitates the estilllation of these errors in determin
ing the heat exchange values. 

In one of the investigations on beet balance (Budyko, 1947 {J§l'), an 
approximate method wes suggested for calculating the sums of turbulent ex
change from data of standard meteorological observations tbet make use of 
surface temperature measurements with mercurial thermometers. 

This method takes into account the correl.ation (found by L.I. Zubenok, 
194-7 /l.047) between the temperature gradients in the air layer near the 
ground aiid temperature diffe:r·ences between the soil surface ( with grass) 
end the air, measured with mercurial thermometers. 

This relationship for daylight hours is represented by formula: 

(60) 

where .6..81 - is the difference in temperature between the soil surface aod 
air at a height of about 2 m; AB- the difference in air temperature at 
various heigh.ts, the natural. logarithm of the ratio of which equals L 

From eque.tions (42) and (49) we find that: 

(61) 

where c= 1 m2/sec2 degree;~e aod .6.u-differences in temperature and wind 
speed in a vertical direction in the lower air layer at various heights 
the natural logarithm of the ratio of which equals L ' 

Considering the relationship between vertical gradients of temperature 
and wind speed, it can be concluded that for the average wind speeds at 
superadiabatic temperature gradients the value of the turbulent beat tlux 
changes only_ slightly with the change in wind speed. This permits an 
approximation of formula ( 61): 

P=0,48(<1.6)1'' cal/cni2/min (62) 

which is satisfactory for use with mean values of wind e~ed and for a 
broken order of several centimeters. 
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i :ubSt ituting for value M , the difference between the temperature taken 
w t 8 mercurial thermometer (placed on the natural soil surface between 
t~e plants) and the air temperature 6611 from equations (6o) and (62) we 
o tain an approximate equation f'or turbulent exchange: ' 

P=0,96(<1.0,)10 caJ./crrt'/hou:r (63) 

In calclllations of turbulent exchange from date of standard observations 
we can usually employ value M1 only for observations taken at l p m • in ' 
calculations of the total heat exchange during all daylight hour~ (during 
the period ~ith superadiabatic lapse rates) the regularities of diurnal 
var;ations in the turbulent heat flux should be taken into account. 

According to calculations by L.I. Zubenok (1946 /1037) the diurnal vari
ation of turbulent heat exchange during daylight hoUI's-is' well described by 
a simple sinusoid equation. 
by ~~=~!~gly, the daily total of turbulent heat exchange can be determined 

P1=-¾-TgP,,., (64) 

where P 1 - is the daily total of the positive ( directed upward) turbulent 
stream of ~eat, Pm -the h~ghest daily value of the turbulent heat stream, 
Tg- d~ation of the positive heat exchange during 24 hrs. (dtiration of 
the period with a superadiabatic lapse rate). 

Assuming that the highest value of the turbulent heat exchange differs 
only s~ightly from the magnitude of heat exchange at 1 p.m., we obtain the 
following formula for calculating the sums of the positive turbulent heat 
exchange from formulas ( 63) and ( 64): 

(65) 

where T is in hours. 
The tmount of negative turbulent heat exchange during a more or less 

longer period, is usually considerably smaller than the amount of positive 
heat exchange. The cause of this phenomenon ( which is usually celled the 
ventil 1_>ffect), is seen in the fact that when the stream of turbulent heat 
is directed downward, which happens in temperature inversions, the turbulent 
exchange is reduced cousiderably. And 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 mean 
values of turbulent streams, which ere directed from the earth's surface to 
the atmosphere and those vhich go from the atmosphere to the earth's sur
face. 7) 

In calculations of the sums of turbulent heat exchange ,n~gative values 
of the same can be roughly evaluated, since these values are relatively 
small. So, for instance, in the author's work (1947 {3g-) the annual sum 

7) More details about the ventil effect and its significance for some 
processes in the air layer nee~ the ground are given in § 10. 



6o 

of the turbulent flux's negative amounts (observed in diurnal variations) 
wee assumed to be approxtmetely equal to 2CI/, of the annual amount of heat 
exchange for the southern section of European Russia. 

The outlined method for the climatological calculation of turbulent beat 
exchange sums bes been verified by the equation of heat balance ( see § 6), 
which rendered quite satisfactory results. It must be noted that the appli
cation of th!l.s method is only possible for long period averages; for short 
periods, however, use of the approximated formules (62), (64) and especially 
(6o) may l.ead to considerable errors. On the other hand, this method is 
apparently of little value tor calculating beat exchange in wooded regions 
where the relationship shown by formula (6o) is of a very conventional char
acter. Subsequently, this method can not be regarded as basically universal 
for determining the sums of turbulent heat exchange between the land surface 
and the atmosphere. 

Among other vays of climatological computations of turbulent heat ex
changeJ the idea of M.I. llJdin deserves noteworthy attention. fudin sug
gested a determination of the heat stream magnitude from the amplitude of 
diurnal variations in temperature ( ti'.Jdin 1948 ~"fl). Developing this idea, 
M.I. :fudin obtained interesting results, boweve'r bis method bas not been 
worked out into a computation scheme which would be convenient for e larger 
practical utilization. 

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

The simplest way to do this is to determine the heat exchange as the 
remainder of the terms of balance I i.e., according to formula: 

P=R-LE-A. (66) 

This method, which already has been used in meny investigations 1 gives 
satisfactory results in those cases when value p is not very small in com
parison with the principal terms of beet balance (ma.inly as compared with 
radiation balance). In those cases, however, when the turbulent stream is 
much smaller than the radiation balance, the method of the "remainder term" 
may lead to large relative errors. Even erroi-s 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 balance, and calculations of the underlying surface 
temperature will be analyzed in § 5 together with the description of meth
ods for calcu'.lating losses of beet for evaporation. 

Now let us go over to the probl.em of determining the turbuleaj:; heat ex .. 
change between the water surface and the atmosphere. 

Climatological calculations of turbulent heat exchange over water bodies 
are, as a rule, DRJ.ch simpl.er in comparison with those for land, because of 
the possibility of using standard veter surface temperature observations. 

Tbe diffusion method for calculating the tqrbulent heat exchange, based 
on an application of fol'DW.8 ( 37), may be used for determining the amount 
of turbulent exchange from data of the many standard observations. The 
only prerequisite is that the magnitude of the coefficient of diffsuion D 
dependent on meteorological factors, be evaluated. 1 

The method of determining this coefficient for the water surface vas 
examined by Sverdrup ( 1936a) in an investigation of methods for determining 

I 

f 
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the evaporation from water surfaces. 
For this purpose Sverdrup integrated formle ( 38) by z, assuming that 

in the lower turbul.ent air layer the coefficient of exchange depends on the 
height, according to formle: k=k, cz+z,) 

( where z6 - is roughness), and over the see surface there exists a thin 
sublayer with thickness d , in which the coefficient of exchange is equal 
to the coefficient of moleoular diffusion (k = k,l, 

After integration of the indicated relationship by z from O to z , in 
the layer Of turbulent diffUsion, the following equation w.s obtaiDed: 

E = pkt(q,- q) (67) 
1n:1+1o ., 

( q - -c1fic humidity at height z,. q0 - specific humidity at the upper 
boundary of the sublayer of mole cul.er diffusion). 

Integrating formula (38) by • , inside the sublayer of molecular diffu
sion, we obtain the equation: 

(68) 

( q, - is the specific humidity of saturated vater vapor with respect to 
the vaporizing surface temperature ) • 

By elimineting q0 from ( 67) and ( 68), end substituting k., according to 
formu.la ( 47) ,Sverdrup obtained the equation for evaporation from ocean 
surfaces: 

(69) 

where u - is wind velocity at height z,. 
From these relationships the folloving equations for determining D and 

P' could be obtained:. D= flip. 

ud + ¼ 1n2~1...!!! 
(70) 

and 
P ,,, ... c,. - ') (71) 

ud+~1n2~ 

Formula ( 71) was initially found by P .P. Kuz 'min ( 1938 /J.4'fl). To ..,ke 
use of formulas (69) end (7l)J two parameters must be defined: roughness 
of the sea surface z0 and thickness of the sublayer of molecular diffusion tl., 

Sverdrup assumed that in accordance with a vell•known aerodynamic re
lationship, which was derived from tubes with rough surfaces, the megnitude 
of the sea surface roughness is 1/30 the mean height of the surface irre
gularities (waves). Sverdrup estimated the value of d by- using data of 
his observations on Spitzbergen and observations of Wdst on sea surfaces; 
on the basis of these results he def111ed the average value of d es equal 
to O.l0-0.15 cm. 

Afterwards, Ross by ( 1936) showed that, actually tbe clue to the roughness 
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of the sea surface depends only slightly on wave heights , end therefore 
the rouglmess should be taken as being constant for various rates of wind 
speed. Furthermore, in many works (Sverdrup, 1937, 1940, 1946 etc.} this 
form.tla was improved a great dee.l, however, the relationships found in these 
vorks have not been used extensively in calculations of evaporation and of 
turbuleilt heat exchange in veter reservoirs. 

This apparently, was associated to a certain degree vith the fact that 
the schemes of di:tfusion in the lowest sir layer, which have been used by 
Sverdrup end also later by the other authors, were, to a considerable de
gree, of a speculative character, and it wes extremely difficult to vel"ify 
them by any somewhat re lie bl.e experiments. 

Therefore, the majority of the subsequent authors :preferred to use e 
simple relationship for calculations of turbulent beet exchange: 

P- c,au (6w - i) , (72) 

where tl is the coefficient of proportionality independent of wind speed end 
defined by the equation of beat balance or in any other way. 

It nust be indicated that the supposition about the independence of co
efficient a from the wind speed does not imply eny substantial qualitative 
differences in formulas (71) and (72), since the relationship given in 
formula (71) is comparatively week. 

The magnitude of coefficient a I according to data of most recent 
studies, is on the average, clqse 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 Observetory (Budyko, Berlf8lld, Zubenok, 1954a /517), es 
the mean value for the world's oceans. It must be noted here that; fbe 
computation of coefficient a , by using the Sverdrup formula gives on the 
average, a figure that is very close to that indicated abate. 

It is quite conceivable that, for separate regions of tbe world I s oceans 
and for various va.ter reservoirs, the value of coefficient a might be 
slightly different. 

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

However, the majority of scientists assumed that, the Possible variations 
of coefficient a are comparatively smell and can be neglec.ted in approximate 
calculations of the turbulent heat exchange end evaporation. 

Oftentimes, for the calculation of turbulent heat exchange in water 
reservoirs, some fornllles based on the so-cal.led ''Bowen's relationship" are 
used, which cau be obtained in the following way. 

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

(73) 

where qs - is the specific humidity of saturated a.ir et the water surface 
temperature. 

From (37) and (73) we find that: 

(74) 
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This relationship is usually applied in the form of: 
p 6-w-6 B 

rr=0,46 es-e 76(1• 
(75) 

where e3 end e- are vapor presoure; B _ air pressure in nm. 
This formula permits a calculation of the amount of turbul.ent exchange 

from data on evaporation. In those cases when these data are missing, but 
data on radiation balance and on internal heat exchange a.re available, the 
folloving equation obtained from formulas (4) and (74) can be used for 
computing the turbulent heat exchange: 

P- R-A 
1+ L(q,-q)' 

cp(9w-0) 

(76) 

Tbe turbulent heat exchange in water reeervoirs can .also be defined by 
formula (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 swmnarizing 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 heat exchange value entirely from date on water surface and air tem
perature and on wind speed. 

For determining turbulent heat exchange on land, in clime.tological cal
culations, the equation of heat balance has been frequently used, e.nd tur
bulent exchange hes 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 beat balance has some advantages. This 
method is described in § 5 in connection with methods for dete~ning the 
loss of beat for vaporization. 

§ 5. The loss of heat for evaporation 

The loss of beat for evapora-tion is equal to the product of the latent 
heat of vaporization times the amount of evaporation. The latent heat of 
vaporization under natural conditions changes somewhat with variations of 
temperature of the vaporizing surface according to formula: 

L = 597 -0,60 Kan/r, (77) 

where 6 - is the temperature in ° C . 
In many climatological calculations a constant value of latent beat of 

vaporization can be used. It is approxim!l-tely equal to 0.6 kg-cal/gr. 
Many different methods ere in use for determining evaporation under 

natural conditions. Analyzing these methods we will first examine the com
paratively more complicated problem of determining evaporation from land 
surfaces. 

One of the oldest methods for determining evaporation was based on the 
application of evaporimeters of various construction, which can be divided 
into two groups: evaporimeters with maximum moistening, and those with an 
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isolated monolith. As a sample of an eveporimeter with meximum 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 
l!I. metal. cyclindricel container with soil connected by a tube to a -water 
tank which keeps the soil. of the evaporimeter in a state of maximum moisten
ing. The speed of evaporation from Dorandt 1 s eveporimeter vas determined 
by the descent of wter in the tank. 

Some authors presume that the eveporimeters with mexiDllm moistening shO'W' 
the maxim.im speed of evaporation from the underlying surface ;wllich ie 
possible under given meteorological conditions. 

This is not quite so, since the evaporimeter, installed in tbe midst of 
a relatively dry soil., presents a limited vaporizing sur:f'.ace, and the speed 
of evaporation trom this surface under conditions of turbulent diffusion of 
water vapor depends on its size and cannot shov the speed of evaporation 
from an unlimited wet surface under the same meteorologial conditions. 
Therefore, the speed of evaparation regis~ered by Dc;irandt I s eveporimeter, 
which when installed, for instance, io • Middle Asian desert, will exceed 
considerably that rate of evaporation from the underlying surface vhich 
would have been observed after maximum moilitening of the siµ-rounding land. 

Since the data obtained with the evaporimeters of maximum moistening 
could not be used for determining actual evaporation from. the land surface, 
evaporilleters 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 LI9ry"), which consists of an open metal box 
inserted tightly into a case that is installed in soil, may serve ~s a 
simple of an apparatus of this type. A soil monolith vith vegetation is 
inserted in this box, the box is weighted end installed into the case. The 
SllllDDl!lrized speed of evaporation from soil e.nd vegetation is determined by 
subsequent weighings of this box at certain time interval.a. For the weigh
ings the box is taken out tram the case. 

At present we have several constructions of Rykachev 1 s evaporimeter, 
they differ mainly in the form and size of the box. 

Some autbors ruive indicated (Oppokov, 1934 LIB!/; Kuzin, 1938 /J)+y, and 
others) that because of the insulation of the monolith, wilich is inserted 
in the eveporimeter's box, from the surrounding ground, substantial dis
tortions of the evaporation conditions will arise. 

When. precipitation is excess1ve1 vater in the monolith cannot percolate 
down to the underground water and is accumulated in the evaporimeter; under 
draughty conditions, conversely, tbe insulation of the monolith from t~ 
ground water results in a rapid desiccation of soil in the evaporimeter. 

Distortion of the water exchange conditions in the. insulated monolith 
must, 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 measurements of evaporation 
even without these distortions. 

This conclusion is derived from the principal postulates of the eJ.emn ... 
tary theory of scale evaporimeters. 

The scale evaporimeters of· the ,usually applied construction, in spite of 
:popular notions, can not be regarded as absolute instruments, i.e., instru .. 
mente measuring evaporation directly. From general considerations ·1t. is 

seen that tbe acale evapor1-ter aeaaures only changes in aoi■ture content 
in tbet monolith which. is inserted in the evaporimeter.. ·'therefore, vben 
uaing this evaporimeter and· weighing it at several days intena1s, tor 
determining evaporation, we a1st have at bend data on precipitation and on 
surface and underground runoff. 

For those periods when infiltration and runoff are 11118.11 as compared vith 
precipitation ( for instance, in climates of insufficient aoistening during 
the warmer season), it is usual.ly assumed that evaporation during the given 
period ia: 

(78) 

where r-is the amount of precipitation, aw' - change of moisture content in 
the soil monolith inserted in the ewporimeter. 

ACtually, for these conditions the amount of evaporation naist be: 

E=r+Bw, (79). 

where Ow- 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' &w-Ow' (80) 
-E-=. r+~w' 

and during the period without precipitation: 
E~E' = 7iw;:w&w' (81) 

Thus, to estimate the principal error vhich arises when using the scale 
evaporimeter, it is necessary to compute the ratio o! moisture content 
change in the layer of soil. with a thickness equal to the depth of the 
en.perimeter, to the moisture content change in the whole layer ot the 
active moisture exchange. 

It nmst be emphasized that the indicated principal error is not directly 
related to the distortion of natural conditions for moisture exchange in a 
separated monolith and it would take place even with a very frequent change 
of the monolith, 8) 

To estimate the magnitude of the principal error of Rykachev' s evspori
meter, with a depth of 500 mm, we give here data of calculations me.de, 
partly, by E.H. Rome.nova for various 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 ve are using this evaporimeter dur
ing a rainless period with soil which dried up down to the level of this 
evaporimeter. Then, further loss of moisture would occur from the deeper 
layers of soil. It is obvious that in this case the weigbitig evaporimeter 
would give absurd results no matter bow often we change the monolith. 

A similar situation will always arise when a considerable loss of mois
ture from deeper soil layers ( in comparison with the depth of the evapori
meter) is effected by the process ot evaporation. 
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The relationships between changes in moisture content in soil under 
summer wheat in the layer of 500-lCXXl mm, to the change ot moisture con;tent 
in the layer 0-500 mn, were determined by the~e calculetions • Average date 
tor the steppe zone, for wooded steppe and deciduous forest, and for the 
forest zone (coniferous end mixed forest) are given in table 9. 

The relationship between changes in moisture content 
of soil under summer wheat in the layer 500-1000 mm. and 

the change of moisture content in the layer 0-500 mm. ( in 
per cent). 

Steppe Zone 
( 21 stations) 

Wooded Steppe 
( 13 stations) 

Forest Zone 

From the last 
decade of .Apl"il 
to the last 
decade of August 

97 

From the first 
dE!cade of May 
to the last 
decade of August 

102 

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

28 

From the le st 
decade of April 
to the first 
decade of June 

89 

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

75 

From the la st 
decade of April 
to the second 
decade of June 

0 

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 

The data in table 9 permit us to conclude that, in steppe and in wooded 
steppe zones, as well as in the forest zone during the second half of summei; 
the moisture content change in the layer 500-1000 mm is quite comparable to 

the change in the layer of 0-500 mm, and is often greater. A. similar de
duction could be also derived from the analysis of observa:tions on soil 
moisture dynamics under a field of winter wheat. 
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It must be particularly noted here that, under conditions of deficient 
moistening (steppe, wooded steppe), considerable changes of moisture content 
in the lower soil layer under summer wheat are also observed in May and et 
the beginning of June, when the root system of plants does not yet reach 
the deep soil layers. 

Figures shown in table 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 nun and often is 
eYen larger. A similar conclusion could also be derived from the analysis 
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 
soil layer under summer wheat are also observed in May and at the beginning 
of June, when the root system of plants does not yet reach these de,per 
levels. 

From these data it can be concluded that, the use of scale evaporimeters 
with a depth of 500 mm will lead to certain errors in measuring evaporation 
under conditions of insufficient moistening. These errors, which mainly 
lower the measurements of the evaporation amount during rainless periods, 
will, as data in table 9 show, reach a very great magnitude which will be 
quite comparable to the exact amount being measured. 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 evaporimeter as an instniment, measuring 
changes of moisture in the active soil layer, will not be diminished and 
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 latter can 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 amount of measured evaporation is greater in comparison with 
measurements of the rain gage. 

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

To improve the method of soil evaporimeters the following suggestions 

bav~nb=~~d:~\f v.P. Popov (1928, 1929 [190 & 19y) 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 layers of soil. 

A more radical way of improving the soil evaporimeter was used by 
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specialists of the State llydrological Institute (V .A. Uryvaev, 1953 /Ji2iJ 
aDd others), vho designed an evaporimeter containing a monol.ith of ver., 
large diDlmsions. Since it was difficult to weigh the heavy monoliths 
with the usual scales, this was done by means of a hydraulic transmission., 
which permits an accurate measureuent of relatively small changes 1n weight 
of heavy bodies, 

By using }ey'draulic evaporimeters we can obtain some comparatively accu
rate data on evaporation, though use of this instrument al.so has some 
limitstions ( especial:cy 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
tio~s of a clima.tological cbara.cter can be mainly derived from data obtained 
with Rykacbev's evaporimeters, which were used for several years at a few 
stations in the USSR (Resul.ts o1' observations on evaporation . • • , 1939., 
and others). 

Taking into account that the accuracy of these data is not high, and 
a1so rather limited,it 1111st be acknowledged that, for climatological 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 ( aee § 4). 

The most reliable method for determining evaporation from gradient ob
servations is the method of heat balance, which is based on the following 
formulae. From tbe equation of beat balance (4) and formulae (36) and (38) 
we find thet: 

(82) 

By solving equations(38) and (82) together, ve obtain: 

E= R-~D • (83) 

£+cpl 
7ii 

or, after integ;ration 
by z: 

(84) 

where 81 - 81 and Q1 - q, - are differences in temperature and in specific 
humidities at two dif,ferent heights. 

The latter relationship, which is analogous to formula (76) permits us 
to determine with sufficient accuracy, the amount of evaporati~n for periods 
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of tin:e with values of the principal terms of beat balance that are not too 
small, i.e., ma.inly for daytime in the warm season, and also tor the mean 
daily (or ten-day means and month:cy means) of the warm season. 9) It 11n1st 
also be kept in mind that, in calculations made by this formula it is often 
possible to either neglect value A , or take it into account in a. very 
rough approximation, since for a more or less 1onger period of averaging, 
this value is usual:cy considerab:cy smaller tban R, This simplifies the 
procedure of determining the amount of eva.poration. 

At the present time ,formula ( 811.) is used for determining evaporation 
from data obtained by expeditions and by special staty,nary observations . 
(see Frsnssils, 1936; Albrecht 1940; Trudy e]lpeditsii OGO and many others,, 
The application of equation ( 84) to climatological computations of evapor
ation is ba.mpered by the very limited amount of existing data on gradient 
and· balance observations. 

A silllilar titua.tion exists in relation to the gradient diffusion method 
of determining evaporation. 

This :method, based on formula (40), has been used lately in many inves-
tigations. 

W. Schmidt suggested determining the evaporation from the vertical tur
bulent stream of water vapor (see Schmidt, 1917, 1925, 1935), Elaborating· 
on this idea Thorntbvaite and Holzman (1939, 1942, and others), used formulB 
( 40) and the equation of Rossby-Montg0111ery for the coefficient of turbulent 

exc:n~:a.er to detennine differences in specific humidities ( Q1 -q: ) , 
Thornthwaite and Holzman constructed special instruments which were used 
for detailed observationa on evaporation for almost a zear. 

As has been established in lfJ/f works ( 1946b, 194& L36 & 3'i[) tbese 
calculations of evaporation, which were accomplished by Thornthwaite and 
Holzman, contained substantial. errors because of the fact that the formula 
of Rossby-Montgomery did not take into account the effect of thermal 

9) In works of many investigators a large error arose in calculation by 
formula ( 84), since they used mean daily or monthly values of the differ
ences e;- 02 and q1 - q,i. 

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

To verify this assumption the author compared the results of annual 
evaporation calculations for two points, by formula ( 84) making use of 
the mean values of &1-&2 and q1-q1 from hourly observations, and for 
the mean annual values ( in works of 1g46b, 194& /)6 & 3'i[) • In the 
second case the amount of evaporation appeared as being twice as large 
as that in the first caae. This confirmed the impossibility of spp:cying 
mean values of tempera.ture and humidity gradients to calcul.ations of 
evaporation by formula ( 84). 
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stratification on turbulent exchange, and consequently, gave much lower 
values of the average exchange coefficients. 

Much more accurate results of evaporation calculations by the diffusive 
method ,:;an be obtained by using formula (49) for computing the exchange 
coefficient. This method has been used by many authors (~~o, 194-8a {397; 
Grigor•eva, 1949 L5'[1; Ginsburg, 1949 /J9J; Rusin, 1952 Li9§/; 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 85 the 
method of heat balance ,mainly for generalizing data of special stationary 
or expeditionary observations, 

For determining mean amounts of evaporation from land, the methoi of 
water balance is preferred when compared with gradient methods. 

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

(85) 

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 evaporation by 
water balance permitted the design of quite a few maps of evaporation and 
loss of heat f~r evapora.tion {Kuzin,_1934, 1940, 1950 LD+o, 142 & 1437; 
Budyko, 1947 L3rf!; Troitski!, 1948 /2207, and others) and gave extensive 
data of mean annual amounts of evapOrat"ion. 

It nrust be rem7mbered that calculations of evaporatic 1 by fonrrula ( 85) 
give the most reliable results for comparatively large surfaces - on the 
order of thousands and scores of thousands of square •kilometers. 

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

For shorter period averages, in calculating annual variations of evap
~ration, for calculating evaporation of single years and months, etc., it 
is feasible to use, instead of fornrula (85), a more general relationship: 

E~r-f-b, (86) 

which is obtained from eq_ua.tion ( 17). 
. Since it is very difficult to detennine the value of the complete change 
in moisture. content of the lithosphere's upper layers b , and since this 
value is quite comparable to the amount of evaporation E , calculations 
by formula ( 86) will not a~ways 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 chan es 
in moisture content b are determined mainly by dynamics f 1 g 
the upper soil layers. 0 mo sture in 

As we know, observations of moisture content in the upper layers of soil 
are taken regularly at many agrometeorological stations of the USSR d 
therefore, for the zone of insufficient moistening, it is possible f0 an 
calculate the amount of evaporation by fornrula ( 86) ma.kin 
data of bydrometeorological observations. g use of the ample 
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It should be remembered however, that data on soil moisture are 
spatially very inhomogenious, and it is necessary to resort to considerable 
averaging of the initial results when calculating evaporation from climato
logical data. 

Since, for a considerable portion of the land, no reliable data on run
off could be found, the water balance method cannot be regarded as a 
universal one for determining evaporation from land, not even for average 
annual amounts. For shorter averaged period.s, 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 ordinary meteorological elements: 
precipitation, temperature and humidity of the air. 

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

In the woTk of Wundt ( 1937), by generalizing the re>sults of calculations 
of evaporation made by the water balance method, an emp11~ical relationship 
between the annual amount of evaporation, and amount of precipitation, as 
well as the mean annual temperature, was established. The nomogram of 
Wundt, which was constructed on the basis of this relationship was used 
in some hydrological researches, particularly by M.I. L'vovich in calcu
lating the normals of runoff on various continents (1945 /l627). 

~erification of Wundt's nomogram shows (Budyko, 1951b ?Ji.§7) that, 
noticeable errors occur in calculations of evaporation. These errors are 
associated to a 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 annual temperatures in moderate and higher latitudes depend 
a great deal on temperatures of the cold seasor., whereas evaporation is 
determined almost entirely by temperatures of the warmer season). 

A somewhat more rational index of the thermal regime was chosen by 
B.G. Ivanov, who also constructed an empirical diagram showing the relation
ship between the annual amounts o!'_ evaporation and precipitation, as well 
as the saturation deficit ( 1940 Luy), 

In comparison with these purely empirical methods, genetic methods based 
on cert3in physical concepts are of greater importance in determining annual 
amounts of evaporation. 

The first genetic method fo: climatological calculations of evaporation 
was suggested by E.M. 01.'dekop, who substantiated the formula showing the 
d!:_pendence of evaporation on precipi!ation and evaporability (Ol'dekop, 1911 
/18o7), In my works ( 1948a, 1948b /39 & 407), on the basis of a joint 
a'nalysis of heat and water balance equatioii"s on the land surface, the 

urelation equation" was obtained - the dependence of evaporation on 
precipitation and on radiation balance, which presents, to a certain extent, 
a generalization of Ol 1dekop's equation. 

This eq_uation shows the relation between the ratio of the mea.n annual. 
evaporation and precipitation ~ , and the ratio of the radiation balance 
and heat amount that is required r for the vaporization of the annual amount 
of precipitation ~ , i.e., u 

(87) 
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where ip _is a definite function. 
A detailed analysis of the "relation equation" will be given in § 10. 
We will only present table 10 here, which was compiled from the "relation 

equation" the.t permits computation of evaporation from data on precipitation 
and radiation balance. 

Table 10 

The relations between the precipitation, evaporation and radiation balance. 

R 0.10 0.20 0.30 o.4o 0.50 o.6o 0.70 o.80 0.90 
Lr 

..!.. 0.10 0.20 0.28 0.35 o.44 0.50 0.56 0.62 o.66 
r 

R 1.00 l.20 1.40 1.60 1.80 2.00 2.50 3.00 
Lr 

E 0.70 0.76 o.82 o.86 o.88 0.90 0.94 0.97 
r 

It should be mentioned that the value of the radiati,on balru:1ce R , which 
is included in this equation, indicates the potentially possible evaporation 
(evaporability) and therefore must be computed for a moist surface in the 
given land ( see chapter IV). Value R is close to the actual values of 
radiation bale.nee in a more or less humid climate, but in dry climates it 
might be substantially greater than the indicat.:d values. In approximate 
calculations of evaporation by means of the "rela_tion equation," the mean 
latitudinal values o'l; R can be largely used, since interlatitudinaJ. changes 
of these values are comparatively small in the major portion of the plain 
land (except in areas with monsoon climate and some other coastal regions). 

The problem of cs.lculating evaporation from data of ordinary meteorolo
gical observations for periods of a few months or scores of days is much 
more complicated than that of determining annual amounts of evaporation. 

In one of the first investigations concerning this problem, p .S. Kuzin 
suggested determining the evapcration from 1.a.nd, under conditions of an 
excessive moistening, by a method that is similar to that for calculating 
evaporation from a water surface. In his papers ( 1934, 1938 Lf.40 & 1417) 
Kuzio used the following formula for determining evaporation: -

E_= ad cal-cm2/min (88) 
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vbere d- is the saturation deficit 1n 11111, a- coefficient approximately 
equal. to 14 - 15. ' 

In one of the indicated investigation ( 1938 /J4y) p .S. Kuzin also 
suggested an empirical :tol'lmlla for determining the evaporation of individ
ual months under deficient moisture conditione. 

In the development ... '?:r clime.tological z:1ethods for calcUl.ating enpcra.tion, 
the works of B.V. Poliakov (1946, 1947 /587 & 1~) are regarded aa impor
tant contributions; be vae the first to use the numerous data on the dynam
ics of moisture in the upper soil layers :tor determining evaporation. Thia 
permitted him to find empirical relationships between evaporation and mete
orological factors under conditions of excessive moisture as veil as de
ficient moistening. 

For this computation B. V. Polfuov constructed graphs vhich abov the 
amounts of evaporation dependent on aean air temperature and precipitation 
for each month of the warm seaoon. For the cold period Polia.kov suggested 
a graph which showed the evaporation for individual geographical. regions 
to be dependent on air temperature. In a pa.per published in 194-7 ,Poliakov 
recomnended the use of corrective coefficients for some regions vben deter
:mining ~vaporation from those graphs. It must be noted tba.t, the graphs 
of Poliakov are nov largely in use for determining the evapore.tion from 
land. 

A verification of the evaporation amounts calculated from Pollikov' s 
graphs, by comparing tbem with numerous data on vater balance has shown 
that, annual amounts or evaporation computed for various climatic zones of 
the USSR from Poliikov I 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 obtained from verifying the 
method of Polf;:kov ,as applied to calculating monthly amoUDts, Here the 
calculations from Pol18.kov 1 s graphs were compared vith calcu.J.ations of 
vater bale.nee 1 by taking into account changes in the moisture content of 
the upper layer of soil 1m deep, in cultivated fields, from data. of numerous 
agrometeorological stations. It should be noted that the determination of 
evaporation from the vater balance, for a single month, is of course, not 
free from some errors ( data on eyDemics of moisture in cultivated fields 
cannot be quite typical for the given region as a whole. Some errors might 
arise because of difficulties involved in eatiDBting the rate of infiltra
tion, etc.). However, since the method of Polfuov has been substantiated 
in the same way (but only from comparatively sparse data), it is obvious 
that, for verifying it, use of the indicated data is quite legitimate. 

As the calculations show, in most cases the annual variation of evaJ)Ora
tion calculated from Poliakov' a graphs differ from those calculated by the , 
water balance method. The graph gives noticeably extenuated values of 
evaporation in summer and somewhat exaggerated values for spring aod autumn. 
When summarized for the whole year these discrepancies are usually compen
sated to a certain extent, and that is why annual amounts of evaporation 
obtained by Poliakov I s method are wel.l 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 accounting the dependence of evaporation on time is not 
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would be of a physical nature then obviously 1 the calculated amounts of 
evaporation for certain month: shoul.d not change very mu.ch with the ini tiel 
dates of the periods selected for calculations! . 

However the verification bas sb::>wn that for many points the amounts of 
evaporatio~ calculated by Poliakov I s method for certain months, are only 
slightly changed by some tenths of a per cent, depending on the selection 
of periods for which the initial date were averaged end the evaporation 
calculated. For instance, the amount of evaporation in May, as calculated 
from-Poli&kov•s graphs, can differ greatly in case we calculate it for the 
period from May 1 to June 1., :from that which vaa celcula.ted by averaging 
the results of calculations made for the periods April 15-May 15 and May 
15-June 15, taking into account the annual 1118.rch. _ 

Touching on other particular deficiencies of Poliakov' s method, we only 
notice that this method cannot be applied to most of the tropical and 
subtropical regions, because of the limited range of changes which are 
accounted for by the scheme of calculation based on meteorological elements 
(temperature, precipitation). . 

All this provides for a. conclusion about the inadequate effectiveness of 
the method suggested by B.V. Pol:Gkov, although, it seems to us that in 
some cases it is of possible use for some approximate evaporation calcula
tions. 

Several clinetological methods for calculating annual variations of 
evaporation from land be.ve been suggested by F. Albrecht ( 1950). 

Some of these methods are based on formula: 
E-(e,•-e)/(v), (89) 

where e,- absolute hwnidity of saturated air at the lend surface tempera
turej e...;. absolute humidity of the eirj j(v)- a function depending on 
wind speedj ix - parameter indicating the effect of the properties of an 
underlying surfa·ce on reduction of evaporation (Albrecht calls it 11the 
water covered portion of land 11 ) • 

In formula ( 89} a; vill be equal to 1 for en absolute moist surface ( end 
then this formula is transformed into a well-known relationship for evap
oration from vater surfaces), and for a partly dry surface «<I. 

Formu+a (89) is deemed as not quite sufficient, since it involves an 
obviously incorrect dependence of evaporation on air humidity. Indeed, if 
the soil has partly dried up end evaporation was reduced in comparison to 
that from the water surface, a; must be less than one. Let us assume, for 
instance, 1;:hat a.=0,7, then, according to Albrecht's formula, the evapora
tion (under conditions of an isothermal stratification of temperature in 
the air layer near the ground} must equal zero at the relative humidity 
of 7Cl{o., end when the humidity increases above 7'1/, condensation must begin. 
It is obvious that, in natural conditions nothing of the kind is ever 
observed. 

,It is very characteristic that Albrecht did not succeed, as he admits, 
in finding a relation between the parameter a end moisture conditions of 
soil_, although., according to the very meaning of the problem, this pare.meter 
should b6.ve ta.ken into e.ccount the changes of soil moisture in the first 
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place• In S t ead of this Albrecht found an empirical dependence of the values 
" on the mean monthly relative humidity. This relationship has no physical 
:::1:d :es no: eiiminate the controversy indicated above; when relative 
the c d~ges t ur ng 8 sh( ort period ( for instance in daily variations) 

n, accor ng O formula 89), evaporation must be replaced by condensa
tion, even when the relative humidity in the air layer near the ground is 
considerably lower than 10°". 

Among other methods for the climatological calculation of evaporation 
that were suggested by Albrecht, we will mention only the method of heat 
balance, which is based on the use of ~quations: 

E=-}.-(R-P-A), (90) 

P= (O. - 8)J(v), (91) 

where l- latf!nt heat of vaporization, P- turbulent heat exchange A 
heat balance in soil, 6 - air temperature, e _ soil surface tempera'ture -

The application of this method ( which is., wto a certain extent, simi~ 
to that used by the author in an investigation in l.947 /3ffl) is baDQ,ered b 
th: difficulty of interpreting the available results of-observations, ob- Y 
ta1ned from the station network, on soil surface temperature. Moreover., 
when calculating evaporation by equation ( 90) a rather large relative error 
has often occurred, since the difference of values R and(i>tA)is in man 
cases not very great as compared with value R. Y 

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 balance. Albrecht suggests., as did the author of this work (1950b 
lfi.'i/'J, for this purpose, to solve the equation of water beJ.ance for certain 
periods by taking into account the dependence of the relationship of evap
oration and eveporebility on characteristics of soil moisture. However, 
the fonn of the latter dependence is incorrectly presented by Albrecht 
according to 'fI13 opinion, which results in serious defects in this meth~d of 
calculation. 

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

J:.'=r+aE0 , 

where r- precipitation, E0 - evaporation, a - coefficient equal to 0 .. 5. 
This relationship is physically unjustified and leads to an absurd. 

conclusion that, in case of an excessive moistening., the evaporation will 
approach the evaporability only if precipitation is equal to one half of 
the evaporability. 

Consequently, it JJ11st be assumed that calculations of mon:thly amounts 
of evapora.tion which were done by Albrecht with the water balance method 
( including the constructed maps of monthly evaporation for Australia) are 
not sufficiently Justified and may have considerable errors. ' 

Among other climatological methods for caJ.culating the annual march of 
evaporation the proposition made by N.A. Bagrov (1954a Ll'Jl) deserves 
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attention. He recommended as applicable for this purpose, a generalized 
formula of Ol'dekop which uses a rather complicated method of indirect 
accounting for moisture conditions in a 'given month (or decade). We must 
remember that, E.M. Ol•dekop hilllself tried to apply the formula that he had 
found for calculations of the annual march of evaporation. However, the 
diffi~ulties in accounting for moisture conditions of individual months did 
not allow him to obtain satisfactory results. BBgrov's proposition presentq 
of course a certain step forward in comparison with Ol'dekop's calculations; 
however, it is desirable in order to evaluate this proposition, to verify 
it against empirical data on dynamics of soil moisture in its annual march. 

The widest prospects for determining evaporation from land for months 
and decades are opened by genetic methods of calculation, which are based 
on & direct estimation of all components of water balance for the analyzed 
periods of time, also including changes of moisture content in soil. In 
creating a rational method for calculating evaporation, a great importance 
will be also attributed to a direct estimation of the influence of solar 
energy balance, as the most significiant factor in the evaporation process, 

In the author• s paper ( 1950b /fiJ>7) a method for calculating the annual 
march of evaporation was suggeste"d:- It was based on e simultaneous solution 
of equations of the va.ter end heat balances. 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 passible to simplify the scheme designed 
for calculating evaporation, and to simultaneously provide for greater 
detailization. 

Let us outline the fundamente.ls of this simplified method of calculating 
the annual march of evaporation in the most condensed form. 

P .S. Kossovich initially established that, the process of evaporation 
from the soil surface is characterized by several different stages. In the 
first stage, when a considerable amount of moisture is available 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. Alpat•ev (1950, 1954 (11 & 127) are of considerable importance. 
He proved that, on fields with cultiVated crops, the first stage of evap
or~tion 1s observed inside a rather large range of soil moisture variations. 
According to Alpat 1ev, when soil moisture is not lower than 70-PJ:11, of field 
capacity, evaporation from crop fields is close to the value ·or evapora
bility, and consequently, mainly dependent on meteorological factors. 

With the drying out of soil, starting with the critical moisture of 
soil, evaporation passes to the second stage when the speed of evaporation 
rapidly decreases with the diminishing of soil moisture. There are many 
experimental data (F.A. Kol!l.sev, 1939 [i3y and other~) 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 analysis of 
experimental data obtained by S.I. Dolgov (1948 /J'fl) that show the eva.p
oration from soil covered by vegetation. According to these results, in 
the second stage of evaparation, the speed of evaporation also diminished 

approximately in a linear proportion to the decrease of soil. moisture. 
Since evaporation from soil covered by vegetation becomes insignificant 
when it reaches the vil ting point, then subsequently in this case, the 
speed of evaporation can be assumed as being proportional to the amount 
of productive moisture in soil. 

Thus, we may conclude that, et soil moisture a,, which 1s larger than 
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a certain critical value '111111 , total evaporation E depends mainly on mete
orological factors and is equal to evaporability £ 0 • When productive 
moisture in soil diminished below wx, evaporation becomes less than evap
orability, whereupon the amount of evaporation is proportional to the 
quantity of productive moisture, i.e., E=aw. Insofar as E=E01 w=Wic, it 
1s obvious that a= EA . 

On the basis of ttil•above mentioned principles, we will apply the 
formula for computation of evaporation, when w ~ Wic: 

E=E0 , 

and when w < Wic : 

(92) 

(93) 

To make use of the latter formula it is necessary to have at bend data 
on soil moisture, which can be obtained by calculating the equation of 
water balance: 

(91) 

where w! - w1 are the differences in moisture of the upper soil layer, 
between the beginning and end of the analyzed single period. 

If we assume tba.t mean soil moisture for the analyzed period is: 

W=w1+"'2 
2 • 

then, if ,w<(W11: 
(95) 

From ( 94) and ( 95) we obtain: 

"', = ---½,,-[ w, ( 1- :S:: ) +r-t] (96) 
1+-2w~ I[ 

Using the formulae (92), (94), (95), and (96) we ca:a cal.culate the 
annual march of evaporation for various climatic conditions. 

We will give here a sample of the usual procedure of calcula.tions. Let 
us asswoe that in a chosen region the amount of soil moisture after the 
spring snow melt is equal to the field ca.pa.city. Since, in this casew>wx, 
we will calculate the evaporation for the first period ( a morlth or decade} 
by using formula (92). If now, according to the vater balance equation, 
at the end of the period the soil moisture does not diminish belov Wx, 
then we may continue the cal.culations by formula (92) until the quantity 
of productive moisture diminishes below the critical point. After that, 
formula (95) should be used for calculating evaporation, and foI'llllla (96) 
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for computing the moisture change, assuming that, soil moisture et the end 
of the preceding period w2 is equal to soil moisture at the beginning of 
the following period W 1 • For the season with snow cover the evaporation 
can be obviously determined by formula ( 92). 

The outlined method for calculating the annual march of evaporation re
quires the knowledge of the following values: precipitation, runoff, evap
oration, critical soil moisture, end 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 water balance method. 

Data on precipitation and runoff are usually obtained from the numerous 
observations of the hydrometeorological network. 

_The problem of determining eveporability will be analyzed in detail in 
§10 •. Here we will examine briefly only the determining of the tvo last 

parameters of the outlined scheme of calculation. 
The values of critical moisture in soil w~ can be determined from results 

of various experimental investigations (for instance, the already mentioned 
work of A.M. Alpat 1ev), and also by using indirect methods. 

Data obtained by indirect methods 10) have shown that the mean value of 
w .. for the upper soil layer of 1m depth varied mainly in the limits be
tween 70 and 250 mm. These variations are associated in a certain way vith 
geographical zonali ty. 

In calculating the annual march of evaporation, it was possible in many 
cases to achieve a higher accuracy in determining parameter w by comparing 

~~~~~::~: =~~u~n:;;~es of evaporation with the difference bet..,.een pre-

The last parameter of the calculation scheme - the initial soil moisture 
jt,?fn be determin)ed, in some cases, from factual data (S.A. Verigo, 1948 
__ , aod others • It was very often possible to obtain this value by 
:~~era\reasoning~ for instance, in many regions of temperate latitudes 

er t e completion of snow melt, or at the end of the rainy period in 
!!~n!r~f~;:\ an:h subt~opical regions, soil moisture can be regarded as 
field ca acit o f e va _ue determined by the field capacity of soil (data on 
L19f/, a~d ot~e~s)~arious soils are given in papers of A.V. Protserov, 1948 

In roony calculations of th 1 
soil moisture conditi e annua variation of evaporation the initial 
its value until the c:~~u~=~e:e d1termined by the selection inethod,changing 
last period calculated in th va ue of moisture content, at the end of the 
of moisture at the beginning e 0~•~~=l f~:~h~a~oincides with the given value 

It must be remembered that th culated period. 
form) was used and verified a' . e analyz~d method ( in a more complicated 
( 1950b Lfil::.7) when determinin ~~~s!e experimental data in tl::e author's work 
larger regions. This verif. g t. an annual march of evaporation for 
using this method was quite ica t ~o~ proved that i..ne accuracy obtained by 
L217) should be also mention:~ ~\ actory • The work of T .G. Berliand ( 1952 

e e. She used this method for calculating 

10) 
These calculations were partly mode by L.I. 

Zubenok and N.I. Sinitsine. 
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the dynamics of soil moisture in cultivated fields for single years (moist, 
draughty), end the results of calculations 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 importance for 
various hydrological, agroroeteorological and other kinds of calculations 
pertaining not only to average conditions, but to single years as well. 

The problem of determining evaporation from a water surface is simplified 
as compared with that fron land, by the fact that for water reservoirs ve 
usually have the surface temperature and, consequently, also the saturation 
point at the surface temperature. Data on veter balance of limited reser
voirs usually permit a more reliable determination of the annue1 IllElrch of 
evaporation as compared to land conditions. 

Let us first examine the problem of applying eveporimeters to measure 
evaporation from water reservoirs. 

The methods of determining evaporation by meens of evaporimeters differ 
somewhat, in regards to some smaller .rater reservoirs, from ~hose used for 
measuring evaporation from seas end oceans. Most investigations on the 
application of evaporin'eters pertain to the solution of the first of these 
problems, which is of substantial practical importance. 

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

This was explained by differences in physical conditions of evaporation 
from an isol_eted evaporimeter and from a water reservoir, 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 taken, and they showed that floating evapori.meters still 
gave incorrect results, since even ..,.ith 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 vas different from that ip the upper la.yers of water reservoirs, 
where it is affected by turbulent exchange). Besides}. the utilization of 
floating evaporimeters was often hampered by technical difficulties, :p~r
ticularly so with high winds. 

In 1933 Rohwer's pa.per (1933) was published. It pre~ented a partial 
account of the Special Commission of the Society of Civil Engineers on the 
problem of measuring evaporation from limited water reservoirs. Rohwer 
compared readings of several types of coastal evaporimeters and one flea.ting 
evaporimeter with evaporation from an experimental basin and established 
the fact that none of the evaporimeters could give the speed of evaporation 
identical to that of the basin. 
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Another part of the account was actually an article by Follensby ( 1933), 
containing the consolidation of a vast amount of observations on evaporation 
made by evaporimeters from water surfaces in the U ~S ~f, ~ and other countries. 

Further research of methods for measuring evaporation from a water sur
face by means of evaporimeters was made by V .K. Davydov ( 1938 /g77 and 
others) and O.S. Poznyshev (1937 /1857 and others), and also b'y Hickman 
(1939), who studied evaporation fr'om -the Great Lakes, end Hickox ( 1944.), 
who tried to utilize the theory of similarity in analyzing conditions of 
evaporation from evaporimeters. 

In a general evaluation of the method of measuring evepore.tion from water 

~~:e~~i;:du!~~a:0 :!e!:l~~!~~: ~~)5!!0 :a~=i=~~~~ ~~=r~~::!:!~i~: ~: ~::a
rd

-
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 values of the reduction coeffi
cient, for a 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 
end could never be, any constant relationship between the actual amount of 
evaporation and that observed by instruments .•. " ( 1938 Ltfj/). 

Apparently, the absence of any consistent relationship betwe(m evap
oration from water reservoirs end readings of evaporimeters, limits to a 
great extent the possibility of their application. 

In recent years, when difficulties in the application of evaporimeters 
bad been clarified, special basins with diameters of scores of meters were 
tried for measuring eva:pora.tion. It was assumed that the speed of evap
oration from such basins equals that from larger natural water bodies under 
similar meteorological conditions. 

It must be noted here that, although the assumption about the indepen
dence of eva.poration speed from the dimensions of the evaporating surface 
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 thougl"tthat, even by using some comparatively 
large basins for calculating evaporation from large natural water bodies 
sorre errors would arise, and they would be of a similar natul'e to those 
observed using small coastal evaporimeters for calculating evaporation from 
water reservoirs. 

. An augmentation ~f the evaporating surface of the basin would probably 
dJ.Ininish,to a certain extent, the systematic error in such calculations 
but it cannot be eliminated completely. • ' 

The measurements of the speed of evaporation from seas and oceans by 
using evaporimeters ,was begun in the 19th century by Leidly. After ~ 

11) The reduction coefficient for evaporimeters is a 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 were 
overrun by waves), the observations were made mainly by the ship 1 s evap
orimeters, which vere installed on the deck. Initially the speed of evap
oration ws detennined here from m~asurements of the wa:ter volume decrease 
in the evaporimeter. However, because of difficulties met in preventing 
errors that arose from spilling water out of the evaporimeter, which oc
curred vith e rolling sea, this method was soon replaced by calculations 
of the evaporation speed by measurements of changes in the concentration 
of salt in water contained in the evaporimeter. This method vas suggested 
by Dieulafait (1883). 

/l.n original ship evaporimeter was constructed by V. V. SHulerkin ( 1941), 
who used an open calorimeter filled with sea water, where the heat exchange 
with the ambient air proceeds only through the evaporating surface. From 
readings of e thermometer which was inserted in the eveporimeter, the speed 
of changes in the heat content of water in the calorimeter 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 
smell,in comparison with the total heat which is spent for evaporation 
during a given time interval. 

It is obvious that measurements,of any kinP,, by ship evaporimeters do 
not show amounts of evaporation from the see because of an essential dif
ference in evaporation conditions from en isolated instrument as compared 
with those for water surfaces. In investigations of Wtlst (1920), Cherubim 
(1931) and other authors, some attempts were made to evaluate quantitatively 
the influence of individual factors which ere effecting the difference be
tween readings of evaporimeters and actual evaporation from the sea, with 
the purpose of obtaining a reduction coefficient for evaporimeters. 

Comparing readings of eveporimeters installed under various conditions 
and also using some empirical relationships, the authors mentioned cal
culated reduction coefficients for the ship evapori.meters 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 evap
oration from ship evaporirreters, 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 rather conditional assumptions, 
it should be concluded tha.t calculations af the distribution of evaporation 
speed on oceans, which were made by Lutgenson, Wttst and Cherubim from data 
of ship evaporimeters, are of a low accuracy. 

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

From equation ,(17) and (18) we find that, evaporation from water bodies 
can be determined from data on precipitation, on horizontal redistribution 
of water and on water level variations. In some cases it was necessary to 
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also take into account the infiltration of water through tbe bottom of the 
reservoir, though., usually it is ver, insignU'icant in comparison with other 
tel'IIS of tbe vat er balance. 

IJbe metbod for determining eV!lpor'ation from the water balance is minly 
adapted for limited resenoira and :ror more or lees ~xt~nd.ed period& ot 
averaging. To compute evaporation from the water balance for a pert of the 
reservoir (tor instance, for an individual region of the ocean) vas usually 
quite impossible., since in this case it is very difficult to evaluate the 
horizontal redistribution of vater. 

To utilize the :method of vater balance for comparatively shorter periods 
is also difficult since the a.ccuracy of determining the ter~lB of vater bal· 
~nee tor aborter intervals is often insutficient. 

For the more or leas detailed calculations of evaporation from water 
reservoirs, methods of dU'fusion and beat balance are most frequently used. 

Tbe diffusion methcxl tor determining evaporation from water reservoirs 
is based on an applicati011 c:i formula ( 73) 1 which vas used for e. long time 
in ey'draueteorology as an empirical relationship, often called Dalton's Lav. 

Empirical fol"Dlll&a of' this type were usually applied in the form of: 

(97) 

where e1 - pressure of saturated water vapor calculated from temperatures 
of the evaporation surtace, e- vapor pressure at certain altitudes, J (uF: 
"wind factor 11 - empirically determined function of the dependence of evap
oration speed on wind velocity u • 

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

( A and 8- numerical coefficients), but sanetimea they present an expo
nential relationship . ot this type: 

J(u)~u' 

with the values of exponent n being between 0.5 and 1.0. Reviews of vari
ous experimental investigations of this problem are given 1n articles by 
M.fil. Lur'e and !J.M. Mikhail.av (l.935 /J.6!/), M.K. lla.raneev (1938 /J.'il), 
Rohwer (1931), Harding (1942) and others. It should be indicated here :thBt 
numerous experimental investigations, accomplished under various conditions, 
confirmed very well the direct proportionality of the evaporation speed and 
saturation deficit computed frOJll water surface temperatures. The differ
ences in tbe relationship of eva)?Oration to wind speed, which were found 
1D some investigations, are mainly explained by the insufficient compara
bility of conditions of various evaporation basins, evaporimeters, 8Ild. 
laboratory inete.l.latione, which were used in studies of these relationships. 

From the comparison of formlaa (97) and (73) it c8ll be seen that the 
probl.ea of the form of tbe wind factor function coincides with the problem 

l 
J 

I 

of the relationehip between the coefficient of external diffusion D ud 
wind ■peed. 
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A■ a rule, the te11perature lapse rate in the lower air layer over water 
bodies ie noticeably smaller than over land, and therefore, the relation
■hip between the coe:tficient of exchange and wind speed can be adequately 
deDcribed by tba for=..la ot Ro&sby--MontgOD!r-.f. 

Thia provides a b&aia for the aesumption that the coefficient or external 
clitfu■ion over water bodies 1■ propcrtional to wind speed, i.e., 

E=au(q,-q), (98) 

TM• relation■hip, which 1s ■illlilar to fol'Dlla (72), was first obtained 
by V • V • SBule!Jdn and at the present time is used largely in calcul.ations 
of beat dXl)enditure for evaporation. 

A■ baa been eaid in § 4, results of some theoretical and experimental 
investigations have proven that, in determining e\laporation value of co
efficient 6 a can be assumed to be almost constant and approximately equal to 
2.4 • l.0" gr/era?, (when wind speed and telllJ)erature vere measured at heights 
cuatoaarily used in ■hip obsenations). . 

In those ca■ea when the water surface temperature of a large vater body 
differs significantly from the air temperature, a need may arise for esti
:!!:~!~n ~ffect or tberal atratif'ica.tion on t~ turbul.ent exchange and 

From. general considerations it is apparent that thermal. stratification 
mo■t strongly a:f':f'ects evaporation at lower win!1 speeds, when the Ricbard,
■on I s nuabera approach the highest values because of small vertictl gradi
ents 1n 'Vind speed. Thia conclusion was fully confirmed by results of cal
culations (J!t,dyko, 194& [3'i/), vh1oh established that, for medium and. 
high vel:ocities (vhich are usually observed over large vater bodies, the 
11ain portion of ocean surfaces included) the effect of the difference in 
temperature between water and air on evaporation is insignificant. 

We will n9t go into the details of determining evaporation from vast 
exp&nses, 12 J and we will only note some features of the calcula.tions of 
evaporation from the surface of relatively Smaller, limited water 1:-eser
voira. 

For detemining evaporation from limited water reservoirs, lakes, ponds, 
etc., it is often necessary to utilize observational. data of the principal. 
meteorological elements obtained at coastal stations. In investigations of 
quite a few authors it was established that even over vater reservoirs of 
several hundred meters in size, wind speed .t humid! ty and air temperature 
often change because of the transformation of air masses over the water 
body. These changes usual.ly affect evaporation substantially. 

Consequently, a need arises for a qu8Iltitative account of transformation 
processes in determining the BIDOUnts of evaporation. 

12) Investigations of v.s. SamoilenJro (l.952 /JO'£/) deserve special atten
tion in reviewing the methods tor determining evaporation from oceans. 
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.,In researches by Jeffreys (1_218), Giblett (1921), Su!to~~;934i95~·/567) 
Laikhtman (1947a /f.5'f/l, M.I. IUdin (Budyko,,trozdov an O s, 4 mri' 
ti.I. IAkovlevo (1952 [2457), A.P. Jlraslavski and Z.A. Vikulina (l9~va-~2 
and other authors, varioUs methods were worked out for determining ti~n f 
oration from water reservoirs by taking into account the transform9 ° 
the airfl.ow. , i l i ti 

Results of these investigations and deductions from eL~!~)ca n;: -
gations by R.R. Davydov (1944 LF',BJ), Jl.D. Za1kov (1949 lDg_, and O • rs, 
permit, at the present time, the calculation of evaporation from various 
water reservoirs of limited extent. 

Together with the diffusion method for detennining evaporation from water 
reservoirs, the heat balance method bas also been largely used in modern 

inv::t!:i:o::·· 1915, W. Schmidt calcµlated the radiation balance for the 
latitudinal zones of the ocean, and made an attempt to determine the amount 
of heat that is spent on evaporation in these zones. On the basis of very 
rough assumptions Schmidt derived that the ratio of heat expenditure for 
evaporation to the radiation balance in various latitudes was equal to 0.4 
_ o.8. Later, some authors indicated that these estimates were not accu.
rate, and Schmidt also partially agreed with this statement. 

In investigations by 1mgstram ( 1920), who calculated the heat balance of 
one· of the Swedish lakes, it was deduced that the ratio of the amount of 
heat that is spent on evaporation to the amount spent on evaporation and 
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 all zones, an amount of heat 
corresponding to 91,; of the radiation balance is spent. 

Possibilities for a reliable computation of evaporation from water 
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., formal.as (74) and (75). 

By using this relationship and the equation of heat balance, evaporation 
(or beat spent on evaporation) can be calculated from data on radiation 
balance, water surface temperature and humidity and tempere.ture of the air. 

The formula commonly used is: 

(99) 

where aw- water surface temperature, q1 - specific humidity of saturation 
vapor in respect to surface temperature. 

Thie nethod -for determining evaporation has given accurate results, as 
has been found by numerous verifications, and especially so for longer 
periods. Calculations made for shorter periods were, as a rule, less accu
rate,since in this case it is necessary to determine the value of the: inner 
heat exchange A , whose determination is associated with considerable dif
ficulties. 

Summarizing this discussion on methods for determining loss of heat due 

to evaporation it must be noted that, for lend surfaces it is more rational 
to use ( for climatological calculations of the annual value of evaporation) 
the water balance method or the "relation equation. 11 For determining evap
oration for individua.l 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 reservoirs it ~s usually more convenient to apply the simple equation 
(98),i.e., the SHuleikin formula. 

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

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

. -As a rule values of these terms are considerably sma.ller than the prin
cipal components of heat balance - radiation balance, expendi tu.re of heat 
on evaporation, and turbulent heat exchange. Therefore, in calculating 
these terms it is often possible to use some simplified methods which 
permit an approximate 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 vater. 

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 tempera.tu.re changes in the consid
ered period of time. 

_such calculations can be easily accomplished, provided that, data 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 analyzed period some freezing or melting of 
a considerable amount of soil moisture occurs, term A will be equal to the 
sum of the change in beat content and the gain { or loss) of heat from the 
freezing or melting of the soil I 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 is necessary to summarize tr..e: change 
in heat content of the upper soil layer and the value of the vertical heat 
flux between this and the deeper layers. The value of the indicated flux 
can be calculated a.s the product of the coefficient of temperature conduct
ivity of soil and the vertical gradj,ent of temperature of the cor1·esponding 
lev';'l_(cHudnovskii, 1948 /J327; Laikhtman and CHudno'1skii, 1949 /JSJ]; 
TSei tin 1951 /2287 and. others). 

The calcul"atiOns of hea.t exchange in soil are considerably more compli
cated by the presence of a $DOW cover, since the heat capacity and heat 
conductivity of snow range in very wide limits, depending on its density. 
Usually little data are available on vertical distribution of temperature 
in a snow cover. Nevertheless, at present, we have obtained rather large 
results on heat exchange in soil for the warmer season and partly for the 
period with snow cover as well. Some deductions from these data can be 
used for approxin:e.te evaluations of the variations in heat exchange of soil 
in their annual course. 
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From the general physical consideration it is clear that annual vari
ations of beat exchange are closely connected w1 th the annual range of air 
temperature. If the annual. range of temperature is inconsiderable, then 
apparently, the mean monthly va1ues of heat exchange in soil must also be 
close to zero. 

Indeed, results of heat exchange calculations have shown that when the 
ann\181 range of tell!Jl"rature is less than 10-15° ( C) the monthfy sums of belt 
exchange are ccmiparatively small and could be often ignored in the approx
imate calculations of heat balance. 

This means that heat exchange :l.n soil is not of substantial. importance 
in the monthly sums of heat ba.lance for the majority of tro.pical 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 march of term A has, on the average, char
acteristics presented in table ll. 

~ 

Annual march of heat exchange in soil. 

Jan. 
-0.23 

Jill.. 
0.19 

Feb. 
-0.15 

Aug. 
0,12 

March 
o.08 

Sep. 
-0.08 

Apr. 
0.15 

Oct. 
-0.12 

May 
0.23 

Nov. 
-0.19 

June 
0.23 

Dec. 
-0.23 

The val.ues of heat exchezlge in table 11 are given partiall.y 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 haJ.f of the annual range. The annual range of beat exchange, as cal
culations have 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. 

~ 
The relationship between the annual ranges of air temperature and heat 

exchange in soil. 

The annual range 
of tenq>erature (degrees) 10 15 20 25 30 4o 50 

Annual range of 
heat exchange in 
soil, cal/ cef-

1.8 2.8 3.7 4.6 5.5 7.4 9.2 

Using tables ll end 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. Data obtain in this manner will show average conditions 
in a large region ( for each specific point the exchange in soil shws great 
microc11me.t1c variations associated with differences in the thermal quality 
ot soils). 

The calculation of heat exchange in water reservoirs 1s generally much 
more complicated than the.t of heat exchange in soil because of the substan
tial influence exerted by the horizontal distribution of heat in various 
parts of the reservoir and, because of the absence of systematic observe. .. 
tions of water temperature at various depths for the majority of reservoirs, 
including seas and oceans. 

Because of this, for certain portions of the sea, ocean or other water 
bodies, it is usually possible to determine the value of heat exchange only 
as the remainder term of the heat balance equation. The mewt 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 repcrts 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 I but 
on the other hand, for shaJ.lw 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 in article a by M.M. Bemadskii and B. V. Proskuriakov ( 1931 L307), B. 
V. Proakuriakov and D.N. Bibikov (1935 /J.9'{/) and others. • 

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

The transition of water from the solid into the liquid phase on lend 
surfaces, as well as the converse process, usually effects a cons1derably 
smeller loss or gain of heat, as compared with annual sums of the principal 
components of heat balance { some exceptions could be found in regions w1 th 
more or lees constant snow or ice cover). 

However, for monthly sums of the balance components for the correepondirg 
periods, in rrany regions of moderate and higher latitudes, the estimate of 
this component will have an essential importance. 

Methods of such calculations are based on determining the quantity of 
melted or frozen water at the surface. The latter va1ue is then multiplied 
by the latent heat of freezing, which is approximately equal to &'.) 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 ba1ance equation. A 
detailed description of such schemes is found, :particularly in articles 
by Sverdrup (1936), P.P. Kllz'rnin (1947, 1948, 1950 [147, 148, 149/) and 
others. A redistribution of more or leas significant quantities of heat 
by precipitation can be mainly noticed in tropical regions, where during 
the rainy period the precipitation of comparatively cold water can effect 
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a perceivable cooling of the underlying surface. The method for calculating 
this component ot beat balance is very simple; its value equals the product 
of the amount of precipitation and the difference in temperature betveen the 
precipitated veter end the underlying surface. This method, ho..,evei; is dif
ficult to use because of the absence of en adequate amount of date on tem
perature of precipitation. 

Semple calculations of this component for tropical regions are eveileble 
in papers by F. Albrecht ( 1940 end others). 

We will not examine methods for calculating other heat balance components 
of lesser significance, end 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, es a rule, much smaller then the 
principal Components of the balance equation, still, for some biological end 
physicogeographical. problems its eveluatioii is of exceptional importance. 

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

The methods described above, for climatological calculations of the heat 
balance components heve a certain degree of accuracy. 

Although, the problem of the accuracy in calculating the heat balance 
components is very important for the climatology of heat balance, up to 
recent times it was only scarcely discussed in scientific literature. Con
cerning this, we have encountered some contradictory viewpoints regarding 
the probable error of the examined date. In some cases there was a tendency 
to extenuate the value of this error, whereas in others, its value .tes ex
tremely exaggerated without any sufficient reason. 

All this calls for a more or less dete iled analysis of the accuracy of 
climatological calculations of heat balance components. It is of greet 
interest, in this case, to compare the accuracy of beet balance data with 
that of climatological date of principal meteorological elements. 

According to investigations by the author and N.A. Efimova (1955 /577), 
it may be pointed out that, for evaluating the errors of existing methods 
for calculating the components of radiation end heat balance, 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 special instruments. 

3) evaluation of the calculation error of ell balance 
components by closing the equotion of balance 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 (19461/367) end in a series of 
ensuing investigations. - -

When using the second of the e.bove cited methods for verification, it 
must be remembered that modern methods of instrumental measurements of the 
balance components are also connected with a noticeable possible error. 

The possible error of measurement of the total radiation with the 

Savinov-IAnisbevskii pyranometer, for more or less longer periods ,may reach 
%. 

The question about the error in meB.suring radiation balance with ba1ance 
meters of various construction was investigated by T. V. Kirillova and Ku
cherov (1953 /J:2'j]). Taking into account their results, it can be deduced 
that the possible error in measuring radiation bal.ance for more or less 
longer periods will be on the order of 5 ... 1~. Measurements of other com
ponents of heat balance ( in particular the expend! ture 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 insufficiently accurate 
or they pertain to very short periods of time. 

Let us now turn to the evaluation of the accuracy of cal.culations of the 
principal. components of heat and radiation balance. 

The main component of radiation balance - the total radiation - is r~
corded by many actinometric stations, and this considerably facil.itates the 
verification of indirect cal.cul.ations of this value. 

The worl.d maps of total radiation were constructed in the Central Geo
physical. Observatory by using the methods outlined above. A comparison of 
tbe calculation results w1 th the consolidated data of mean measured values, 
which was compiled by T.G. Berlf'and (1954 /JIJI) showed that, discrepancies 
between measured and cal.cul.ated data constituted, on the average, for month
ly values lr:Jf, and for annual. values 5i ( for all available stations - Bud,d<o, 
Berliand, Zubenok., 1954a /3!7). 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 schema.tic 
method of calculating total radiation will permit a determination of mean 
monthl.y and annual. val.ues of this index with an error of the same order as 
the error of instrumental. measurements. It is, however,ad.visable to re
member that, for more or less accurate calculations of total radiation, for 
comparatively short periods., and particularly for calendar periods, the 
method of these caJ.culations m.1st take into account, in a dtrect ve:y, the 
effect of clouds of various levels on radiation amounts. 13 

As a sample of total radiation verification we present in f:tg. 11, re
sults of a comparison of cal.culations of mean monthly radiation val.ues(Q+q)', 
obtained by using the method outlined above, with mean monthly results of 
observations of these values (Q+q) at 12 sites of the Soviet Union (Sverd
lovsk, Riga, Minsk, Kurbyshev, Saratov, Odessa, Yakutsk., Irkutsk, Alma-Ata., 
Vladivostok, Tbilisy, Tashkent). The mean discrepancy between :measured and 

13) In investigations of the Central. Geophysical Observatory the influence 
of vaxious 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 1n constructing world maps. As it has been shown 
by investigations of many authors., a direct account of the cloud distri-· 
bution at various height levels permits a considerably higer accuracy in 
calculating total. radiation, especially for short periods. 
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Figure 11 

rison of mean monthly values of total radiation. 
Campa (Q + q) _ measured 

( Q + q)' _ calculated 

• the accuracy of radiation balance calculations 
The problem of ~valu~t~~n estimating the accuracy of the total radiation 

is much ~re compli;:!~ation balance, 86 available observations and calcu
cal~ulati.ons. The substantially for various types of underlying surfaces 
lations show, d:ffers A h" h ,, icroclimatic" variability of radiation balance 
in the same region. :!era~le infl.uence exerted by temperature in the 

• is explained by the c~n~~ albedo To illustrate this, we will show results 
underl~in~ surface an 1 elations· obtained by using the above outlined meth
of radiation balance ca cu 
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od for three regions: Cape Schmidt (Arctic), Sverdlovsk {forest zone) end 
Ashkhabad (desert zone). 

In the first region, calculations of radiation balance were :mede for tbe 
tundra zone, with a bright graveled soil, and for the sea surface with-ice 
floes covering a large portion of the surface,even in swmnertime. 

In the Sverdlovsk region calculations were made for the meteorological 
station site, for the clo.ver field, and for fallow soil. 

In the Ashkhabad region radiation balance was cal.cula.ted for the desert 
and for an irrigated field. 

The results of calculations are given in table 13 . 

Region 

Cape Schmidt 

Sverdlovsk 

Ashkhabad 

Table 13 

Radiation balance in kg-cal/cm2 month, 

Underlying surface May June July 

Tundra 5.0 6.4 

Gravel soil 4. 7 4.5 

Sea 2.3 1.9 

Meteorological station 5-5 7.0 6.7 

• Clover field 5.0 5.9 5.6 

Fallow soil 7.2 8.5 8.2 

Desert 5.li 6.7 6.4 

Irrigated field 8.2 l0.4 10.5 

August 

3. 7 

2.5 

0.9 

4.2 

3-5 

5,5 

6.1 

l0.0 

As can be seen from· the given data, in the same region values of radi
ation balance for various underlying surfaces can differ by scores of per 
cent. Thj.s fact nrust be taken into account in constructing mps of radi
ation balance, J.4) and aJ.so in comparing the results obt3.ined from meas
urements with those obtained by calculations. 

14) Values of radiation balance, that are used in constructing maps, Im.1st 
be determined for a 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 instance, 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, weret~~-
tematic measurements of radiation balance carried out,for the firSt 11 d 
for periods of 2 to 4 years. Although values of radiation be ls.nee obta ne 1 
in this way cannot be considered as showing precise long-period means, the r 
compe.rison with earlier obtained results of radiation balance calculations 
for these sites presents a certain interest. 

Results of such comparisons are given in fi~s. 12-15 for the region of: 
Leningrad (Koltushi, observations in 1947, 1949-1951 worked uply T.A. O)g
neva); Tashkent ( observations 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 i948-1951, vorked up by L.I. Pisarchik) • 
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Figures 12 - 15 

Annual variations of radiation balsnce in various regions. 
1 - observed values 
2 - calculated values 
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The montb1y values of radiation be.lance obtained from observations are 
shovn on these graphs by the solid line l; by line 2 - results of calcula
tions used for constructing the climatic maps 'by 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 microclima.tic vari
ations of radiation ba.lance, and to short periods of observation, we think 
that the agreement of these two independent methois for determining radi
ation be.lance values must be acknowledged as being very aa.tisfactory. 15) 

Since there were no long period observations available ·ror the ocean SUI'

face, verification of the calculated values of radiation balance for the 
oceans, by using the method. of comparison with measured values, was very 
difficult. We mey indicate that one of the recent works by Albrecht (1952) 
tackled this pr,::iblem. In this work he compared calculations of the mean 
values of radiation bs.J.ence eomponents for some regions of tbe Indian Ocean 
with data of short l)eriod observations. Al.brecht established a good agree
ment between the independently determined values of radiation balance, how
ever, this deduction can only have a. canparf,l.tively limited significance. 

An ind:I x-ect verification of radiation ba.lance cal.culations for the oceans 
bas been done by comparing the maps constructed by individual. euthors who 
used different calcu:1.a.tion methods. A similar comparison could be particu
larly done for the world maps that were constructed by the Central. Observa
tory, with recently published maps for the northern hemisphere oceans; com
piled by Sauberer and Dirmbirn, 1954. These authors constructed ma.pa for 
March, June, September and December. The mean relative discrepancy between 
data of our maps and ,;;bat of maps designed by Sauberer and Dirmhirn was 
1~. The agreement of these independent calculations confirms, to a cer-
tain degree, their rel.iability. __,,. 

The method or an independent determining of all heat balance components 
is more suited for the veri:fication of the accuracy of radiation balance oo. 
I.and and water surfaces. It permits an evaluation of the meao error in 
determining al.1 components of beat bal.ence. 

The relative value of the indicated error can be calculated as the ratio 
of the aJ.egbraic sum of all heat balmlce components to tbe sum of their 
absolute values • 

Using results of the author's works (1946b, 1947 /J6 & 3Fjf) in which be 
determined, by :!.nd.e~nd..-nt methods, ell the ccmponents of heat b&l.ance for 
one point in the United States (Arlington) and for the southern pa.rt at 
European Russia; the mean en:,or of determining the sum of the balance com
ponents was calculated, and it was found that, in both cases it did not 
exceed 51,. 

The verification of the accuracy of heat balance calcul.ations for some 

15) Apparently, the differences between measured and calculated values are 
of a systematic nature, only for the early spring period. It is possible 
that these differences are associated with different conditions of snmr 
melt on the :plots vbere the observations were taken, end with aver~ 
eonditions of the surround:1.ng surface. 



reg10111 of tbe ocean, by u1ing this •thod, ia 1110re complicated than tbat 
tor land aurtace, because one of the components of balance for oceans (the 
gain or loaa of heat effected by ■ea currents), is very difficult to deter-
111De by direct metllods. 

:levertbeless, for amiual mps of beat balance, conatructed by tbe Central 
Observatory, it 11 possible to estimate the upper limit of the mean calcu
laticm error f1'011 the closing of tbe balance equation. 

Thia value can ba found in the following W/f. 
If the mean au-.-ised error of determinl.WI ...,....,.tion balance, loss of 

heat for naporation and for turbulent excbange on oceans, would be greater 
than tbe mean value of the gain or losa of beat that was effected by sea 
currents A , then 1 t W0lll.d be 1mposaible to determine tt.e latter value as 
tbe rell&inder term of heat bal.allce. In otber worilli., the map of this value, 
that was c011p,1ted by the balance equation, wou.ld not correspond to the 
actual distribution of warm and cold currents. 

llovner, since the -p constructed by tbe Central Observatory shows tbat 
gains or lo■ses at beat, as effected by aea current■ , are in a good quali
tative agre-nt with tbe distribution of most of these currents, it is 
clear that tbe s-iced calculation error of the three principal compo
nents of the balance 1a smaller than tbe mean valne of If. 

Thus, the _,. relative error in the calculation of heat balance COIU!P
nents for oceans is ■-l1er than the relationship of the mean value of A to 
the sum. ot the radiation bal.ance mean values, expenditures of heat for evap
oration and turbulent heat exchange. Data presented by ~ko, llerl:rlnd, 
Zubenok (195la) show tbat this relationship is equal to 23'1, and consequen
tly., the mean error of calculations of the balance cong,onenta is leas than 
23'1. 

The cal.culationa of heat expenditures for """poration from land, as well 
ae from. water surfaces., can be verified by- the water be.lance equation. 

The method for determining tbe evaporation and expenditure of heat for 
evaporation baaed on the "relation equation 11 vaa verified in many investi
gations. 

Bo, tor instance, in the author's research (1951b @) it YB■ estab
lished that the discrepancy in evaporation cuculstions mo.de by using the 
"relation eq_ua.tion," vitb that based on water baJ.a?Jce for river basins 
vhich have s.- data included in the •~ by Wundt (1937), proved to be 
leH than 1~. 

The mean diacrepancy of the "relation equation" calculations with meas .. 
urement data turned out to be 13'1, and for river basins vith the runoff 
coefficient greater than 0.30 it was 0l!J3 71,. Results of these computa
tions are described in more detail in § 10, 

The most complete verification of the evaporation cal.culations based on 
the "relation equation" bas recently been accomplished by L.I, Zubenok, ,. 
who made use of all available data on water balance of various continents. 
The calculations -4e by L. I. Zubenok have shown that the mean discrepancy 
in calculations of the annual value of evaporation based on the •relation 
equation" with those based on vater balan,ce is about l~. 

I 
I 

. 

' 

I 
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This value is close to tbe order of the agnitude of error in detemin
ing ....,.poration by the -ter balance aethod, and therefore shows a quite 
satisfactory accurecy of the evaporation calculations by tile "relation 
equation, 11 

Clilllatological method• tor calculating en.poration troa limited water 
reservoirs (particularly tor the CUpian and Aral Seu), have bseD veri
f,ied against the water balance JIIUl7 times, and therefore ve will not touch 
thia subject here. 

Milch 110re complicated ia the problem of verifying the clin.tological 
calcula.tiona ot evaporation from the ocean aurf'ace. 

As it is well known, available da~ on precipitation over the oceane 
are very inaccurate, which makes it very difficult to uoe them in Teri
tying the calculations of evaporation. Only the latest map compiled by 
O.A, Drozdov (1953 /j'[/) could be considered as being a. more or less re
liable source in regards to data of precipit&tion over the ocean. As it 
has been noted in "investigations by ~ko, llerlilnd, Zubenok (1954a /Jy), 
when the results of O.A. Drozdov are used, tbere is good agreement between 
values of evaporation calculated by the water balance equation and those 
determined in the above described method by using formula (98). 

On the basis of these data ( outlined earlier in the paper by the a.uthor 
and II .A. Etilllova, 1955 /J'Jll, and also considering other available data, 
we cen draw the following conclusions aoncerning tbe accuracy in modern 
methods for calc\llating the components of radiation and beat balances: 

The error of tbe mean :monthly and mean annual values of total. radiation, 
which were obtained by the cl:Lmtological ... thod calculation, is approxi
-tely equal to 5-1~. 

The en,1r in calculating radiation balance is appsrently soavhat great
ei,. Evaluating its relative vaJ.ue, it must be reJllelllbered that annual and 
monthly values ot radiation baJ.ance, under certain condition■ , approach 
zero. Therefore, it is expedient to compare the error of the radiation 
balance calculation for annual values with ths amplitude of changes of 
these values, and tbe error of monthly value a with the maximm value of 
radiation balance in its annual. -.rch. 

Calculated thus, the reletive error of the radiation balance calculations 
will apparently be, on the average, not more than l~. The annual ve.l.ues 
of heat expenditures for evaporation on land are determined with a mean 
error on the order of 5-1". Considering these values of error, we may 
evaluate the mean calculation error of turbulent heat exchange on land, 
which turns out to be somewhat greater than the error of the radiation 
balance calculation. 

The calculation errors o:t' the beat balance components over the ocean 
could be somewhat greater than the same errors on land, however, the order 
of magnitude of these errors apparently remains the same. 

It should be indicated hsre that, for various regions of the globe, 
the vaJ.ues ot the possible calculation errors of the heat balance compo
nents vill differ considerably, primarify due to the different reliability 
of the original data used. The greatest errors will be found in higher 
latitudes, and also in lesser known ocean areas {especially in the Southern 



Hemisphere). It can be concluded that the possible relative error of 
some beat balance components, which were obtained by using modern cal
culation methods, vill often be not greater than the possible relative 
error of climatological data on some principal meteorologica.1 elements 
(tor instance, on cloudiness and precipitation). However, available 
detailed data on heat balance are still considerably inferior to those 
on auch meteorological elements as air temperature, precipitation end 
others. 
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Chapter III 

Geographical distribution of the components of heat balance 

Until recently an investigation on the geographical distribution of the 
heat balance components of the earth 1s surface was practical.ly impossible. 
This was due to the fact that data on their mean values were available for 
some 1'ev points only and their accuracy had not 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 vere the com
ponents for a great many Points calculated, but also a series 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 [Jo & 5!]; Atlas of the Heat 
Balan~e, 1955 /J..5]1 and maps for the Soviet Union (Budyko, 1947 L3!1/ ; 
Berliand, 1948 @'2/; Berlfud and Efimova, 1955 /}!if 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 climatol.ogical investigations on 
the geographical distribution of a meteorological element, together with a 
direct generalization of observational data, methods for calculating 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 'W'as almost at the same time that Kfuntz ( in 1831) 
constructed maps of temperature for the months by using Meyer's formula in 
his calculations. 

Later on, in connection with accumulated results of observations at mete
orological stations, maps of principal meteorological elements -were con
structed_, mainly on the basis of a direct generalization of observational 
data. However, the method of processing results of observations, that were 
used for the construction of maps, were gradueJ.ly improved and included 
more and more complicated calculations (papers by G.I. Wild, E.S. Rubin
shtein and other authors on clima.tological methods of processing temperature 
observations; papers by O .A. Drozdov on methods of processing data on pre
cipitation, etc.). The appl.ica.tion of these methods actually resulted in 
the fact that modern maps of distribution of principal meteorological ele
ments - air temperature, precipitation, etc. - have acquired, to a certain 
extent, a calculative nature. l) 
1) This statement is especially true in regards to maps for mountain 
regions. 
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Thus, at the present time, clime.tologica1 maps of the distribution of 
the principal. elements and maps of the heat balance components do not differ 
much in methods used for their construction. Both types of maps axe, in 
substance, attained by a generalization of observations obtained from the 
network of hydrometeorological stations, and in designing all types of maps 
the calculation methods are usually applied. The difference between maps 
of basic meteorological elements and that of heat balance is only seen in 
the fact that the relative significance of ce.lculation methods for the con
sti:,.iction of heat bale.nee maps is greater than fOr designing the majority 
of common climatological me.pa. 

Let us examine the principal. features in the geographical distribution 
of heat balance components. 

§ 7. Radiation balance 

Let us examine first the pattern of geographical distribution of the 
tote1 sun radiation - principal component o:t the radiation 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 various natural 
processes originating near this surface. 

Geographical distribution of mean annual and mean monthly amounts of 
tota.l radiation for the ma..in portion of the earth I s surface is presented 
in series of maps _included in the Atlas of the Hes.t Balance ( 1955 IJ.?]). 
These maps are based- on calculations of total radiation monthly values, 
made by using the methods described in chapter II for 1400 sites ( 1050 on 
lend and 350 on the ocean). 

Data obtained from these calculations pennitted the construction of 
tota.1 radiation ?OOPS for the entire surfa.ce of the globe with the exception 
of the Arctic, Ante.retie and high mountains, which had no adequate data, 
and therfore the a.pplication of the clima.tological calculation methods 
could result in considerable errors. 

The map of the total radiation annual amounts is presented in fig. 16. 
The mountain regions, with no de.ta, are shaded on this map, as -well as on 
all the others (regions higher tha.n 1.5 km above sea level between 40°N 
and 40°S and higher than 1 km in the remaining latitudes). 

As can be seen from fig. 16, annual srnounte of total radiation range 
from 80 kg-cal/ cm2 /year to more than 220 cal/ cm2 /year. In higher and 
moderate lati tud.es the distribution of tota.l radiation shows a zonal 
pattern, which is substantially distorted in tropical latitudes only. In 
lower latitudes a remarkable decrease in total radiation occurs at the 
equator, which could be due to greater 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 radiation -was observed in northeastern Africa. 
It was associa.ted with a very small amount of cloudiness in this place. 

Smaller a.mounts of total ra.diation were observed in regions -with 8 

monsoon climate (for instance, on the eastern coast of Asia), and in son:e 
other regions of greater cloudiness. 

Fig. 17 and 18 shO""W the distribution of the total radiation amounts for 
December and June, i.e., for months with the greatest and lea.st mean alti-
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tudea of the· sun tor the relevant hemispheres. Isolines are drawn by inter
vals of 2 kg-cal./cv?-/'l!IOnth. 

The map of total ~adiation 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. 

Southward from the' zero isoline totaJ. radiation grows rapidly, changing 
in extra tropical. latitudes of the 'llorthern ]lemispbere, minl.y by zones. In 
lowei- latitudes the zonal pattern breaks up, and areas ot higher and l.ower 
radiation are distributed according to regions with higher and lower amounts 
ot cloudiness. In December the lover latitudes in the 1'::,,rthern Hemisphere 
and the whole Southern llemispbere have only very slight zonal. changes of 
total radiation. In the Soutbe:rn li!mispbere, during this :ioonth, total. 
radiation does not decrease much rlth higher latitudes because of the com
pensating ef!ect of the increasing length of the day. 

A similar pattern in distribution of total radiation is observed in June 
(fig. 18). Iri the llorthern llemispbere totaJ. ,radiation varies only slightly 
( although the areas of greater amounts in deserts are well pronounced), 
whereas 1D higher latit:udes of the Southern Hemisphere total radiation de
creases rapidly with increasing latitudes. 

The distribution of total radiation in other 'l!IOnths shows the following 
patterns. In march and September isolines of toteJ. radiation resemble 
qual.itatively those presented in the annual map. In these cases the great
est amounts of total. radiation are also observed in regions of tropical 

, deserts. The other months (January and February, April ancl May, July and 
August, October and November) have an intermediate pattern of distribution 
of total radiat:Lon between those indicated above. 

The highest_ amo~ts of total. radiation of single months can reach val.ues 
of 20-22 kg-caJ./c • ~ 

The maps compiled bY T.G. Berliond and II.A. Efimova (l955 /J-'f/) could 
be used for a more detailed geographicaJ. analysis of total. radiation in the 
USSR. These maps were constructed by using the same method, but they are 
more detailed. On the annuaJ. map (fig. l9) isolines are drawn in lO kg-cal/ 
cnl:-/year interval.al whereas the interval between isolines on the pertinent 
world map (fig. 16 is 20 kg-cal/crJ!/year. 

1 As can be seen from fig. 19, annual. amounts of total radiation in the 
USSR range in vide limits, increasing considerably vith decreasing latitude. 

Over most of the Asia.tic USSR amounts of total radiation are somewhat 
greater as compared with the same latitudes in the European :part of the 
USSR. They sre especially higher in Central Asia due to the small amount 
of cloudiness in this region. In the Far East the total radiation decreases 
( in coJIIP8,l"ison with more westerly regions) under the influence of increased 
cloudiness during the summer season, which is typical for monsoon climate. 

Now we will go over to spatia.l distribution of the other radiation bal
e.nee com;ponents. 

The absorbed short-wave radiation is somewhat smller than the total 
radiation, however, its distribution patterns are so much similar to those 
of tote.l. radiation that there is no need in studying them separately 

We will onl.y point out some of the major features in the distribution of 
absorbed radiation. 

lOl 
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Contrary to the pattern of total radiation, isolines of the absorbed 
radiation e.re usually not continuous. Particularly on the border of 
continents and water bodies the isolines of absorbed radiation are, as a 
rule, discontinued, which shows the abrupt change in the albedo of the 
underlying surface. 
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A relatively small difference between tbe total and absorbed radiation 
(e.bout 5-2~) is observed on the major part of the land and oceans. This 
difference increases somewhat in deserts and especiall.y in regions covered 
'With snow lllld ice. Consequentl.y, if we have on land or water surfaces, a 
more or less well pronounced boundary 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 distribution of the effective radiation ( which 
shows loss of heat by long-wave radiation) data of calculations accom
plished for the preparation of maps for the Atlas of the Heat Balance (1955 
/J.r[/) can be used. These calculations were made for 770 sites (420 of them 
on land and 350 on the oceans), more or less regu.1.arJ_y distributed over the 
earth I s sUl"face. 

These calculations showed that spatial variations in effective radiation 
are generally smaJ.ler than those of total radiation. This phenomenon is 
to a certain extent explained by the fact that in the majority of the 
climatic zones changes in temperature and in absolute humidity are associ
ated with each other - with increase in temperature a.bsolute humidity also 
increases. The changes in effective radiation are comparatively small, 
since an increase in temperature and absolute humidity are affecting it in 
opposite directions. 

The greatest amounts of effective radiation are observed in tropical 
deserts, where they reach 80 kg-cal/cm2/year. This is mainly the result 
of a tremendous warming of the underlying surface in deserts as compared 
with air temperature. 

Near the equator 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-caJ./cm2 a year at the 6o 0 parallel. In the area of 
extratropical latitudes, on land, effective radiation. is, on the average, 
somewhat higher than that of the oceans in the same latitudes, especi&l.ly 
so in arid regio-:.is. 

The spatial distribution of radiation balance of the underlying surface 
is presented by a series of maps also including the series of world maps, 
in the Atlas of the Heat Balance. 

The chart of annual sums of radiation balance is presented in fig. 20. 
On this chart the abrupt change of radiation balance at the boundary be
tween land and sea is well pronounced, the isolines break up suddenly. 
Because of the lower albedo of the ocean surface the radiation balance of 
the underlying surface is positive. As has been indicated in the author's 
papers (1948a,1949a /J9 & 4!J, negative annual amounts of radiation balance 
can, apparently, be observed only in regions with a permanent ( or al.most 
permanent) snow or ice cover, for instance in Central Greenland, in 
Antarctica., etc. 
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The distribution of radiation be.lance on the ocean· surface, as is shown 
in tig. 20, 1s less complicated than that on land and ma.inly has a zonal 
pattern. Some deviations from this pattern take place in regions affected 
by warm or cold sea currents, and these deviations may have a different sign 
for the same type of current because of tbe complexity of relations between 
the values of heat balance components end the air and water temperature, air 
humidity and cloudiness. 

There is a contrast between the comparativel.y small changes in the radi
ation balance of ocean surfaces in tropical latitudes, and the rapid de
crease of the balance values in moderate zones from lover to higher lati
tudes. 

The largest value of radiation balance on the earth, s surface was found 
in the northern pa.rt of the Arabian Sea - it ,ms more than 140 kg-ce.1/ciifl/ 
year. 

The distribution of the radiation balance values on land also has, to 
some extent, a zonal pattern. a:owever, in many areas the zonaJ.ity is 
abruptly broken by the effect of different moistening. In earlier investi
gations the author repeatedly painted out the considerable decrease in 
radiation balance in arid zones of the land as compared 'With regions of 
sufficient and excessive moistening at the same latitudes. The reason for 
this is found in a greater expendittll'e of radiation heat for effective 
radiation in arid regions (which results from the high teJill)erattll'e of the 
surface, small amount of cloudiness and relatively low air humidity} and 
for reflection of short-wave radiation. 

According to this, in fig. 20, vi.th the general decrease of radiation 
balance with decreasing latitude, there are well marked areas of a consider
ably lower radiation balance associated with the aridity of climate. This 
relationship is particularly pronounced in deserts of Central Asia, in the 
Sahara,and in other desert and a.rid areas. In monsoon areas, the annual 
amounts of radiation balance on land a.re also 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-ca1/cm2/ 
year, which is considerably less than 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 minimum, and in 
the S.outhern Hemisphere - at their maximum. 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 that 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 little to the south of 
40°N. Northward from this latitude on the ocean the negative radiation 
bala nee increases in its absolute values rather rapidly and reaches -4 kg
cal/ cm2 /month and even greater negative values. 

On land, the negative radiation be.l"wlce also increases its absolute 
values in a northerly direction, however, its negative vaJ.ues here reach 
only about -2 kg-cal/crr?/month. The reason for this difference is seen 
in the fact that on ocean surfaces in higher latitudes the water t~mpera
ture during the colder season is much higher than that of land surface 1s 
at the same latitudes. 
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Figure 20. Radiation balance, annual values in kg-cal/ cu?-/year. 
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Figure 21. Radiation balance, December, in kg-cal/cm2/month. 
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Therefore, effective outgoing radiation on oceens is considerably higher 
than that on land, and the radiation balance is accordingly smaller. 

South of 40°K the radiation balance in December iDcreases on the oceans 
in a more or less zonal pattern down to the equator, where it reaches 
values of ebout 8 kg .. cal/ c'll2./,r;onth. Southward from. the equator radiation 
balance on the oceans changes comparatively little; its greatest values 
{up to 10-12 kg-cal/om2/110nth) are .. inly recorded in the regions of the 
Tropic of Capricorn. Still further south, the radiation balance again de
creases somewhat. On l.e.nd, between 40°)1 and the equator it~ grows regularly 
1n a southerly direction., and south of the equator it changes only slightly, 
- llViinly from 6 to 8 kg-cal/c11F/month, 

The general features in the distribution of radiation balance in June, 
in the Northern Belll.1sphere, are similar to those in December in the Southern 
Hemisphere, and conversely. 

Tbe zero isoline of radiation balance 1n June, on the ocean end on land, 
lies approximately along 4o0 s (fig. 22). North of this line the radiation 
balance increases and reaehes, on the ocean, the greatest amounts in the 
regions of the Tropic of Cencer ( with peak values somewh.at higher than 14 
kg-cal/c11F/month observed in the northern part of the Arabian Sea), North 
of the Tropic of Cancer the radiation balance on the oceans decreases 
slightly, however, up to 6o• - 66"N it is still larger than 8 kg-cal/err?-/ 
month. On land, radiation balance in the Southern Hemisphere grows regularly 
in a northerl.y direction approximately up to the equator; northward from the 
equator, on the vast expanses 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/ 
cm2/month. 

On maps of radiation balance for the other months, the J.ocation of its 
zero J.ine should be Doted. So, for instance in March, tb.is isoline trav
erses Eurasia. from the northwest to a southeastern direction, through 
southern Scandinavia., Lithuenie. and the White Rutenian SSR, through the 
northern Ukraine, Saratov Province and Northern Kazakhstan. In eastern Asit1 
this line lies approximately along 4e•w, 

On the contin~nt of North America, in March, the zero line in tbe east 
lies in the area of the lower stream of the St. Lawrence River, turning 
considerably northward in the western portion, finally reaching 55°N. 

It must be noted that the location of the zero isoline of the radiation 
balance on land presents an important index, showing the distribution of 
areas with typical clinatic features of the winter see.son, and therefore 
deserves a detailed examination. 

Let us now show- a more detailed DaP of the annual amounts of radiation 
balance in the USSR, which. we reproduce here as presented by T.G. Berlfand 
and N ,A. Efimova in their paper ( 1955 /J'i]). !le.ta on this map ( fig. 23) 
show- e. rapid increase of be.le.nee values from north to south. In higher 
latitudes the radiation ~alance on lend is, on the average for the year, 
very close to zero, but in the southern part of the USSR it reaches 40-50 
kg-ceJ./ cm2 /year. A typical decrea.ae of radiation balance in deserts and 
also in eastern Siberia is well pronounced, 

In conclusion it is necessary to once more indicate that, the exe.mined 
data on radiation balance presents 1'mecroclimetic 11 cherecteristics deter-
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mining its average values for more or less larger regions. As was already 
noticed in§ 6, considerable microclimatic variations of radiatioo balance 
can take place on lend. Accordingly, actual values of radiation balance 
for individual plots of a certain underlying surface in any geographical 
region on lend could differ considerably from the general "background" 
characteristics. 

As a rule, spatial variation in radiation balance is much smaller over 
the ocean th.an over land, but here too, under certain conditions (i'loating 
ice sheets, accumulations of seaweeds, etc.) a rapid change in radiation 
balance can be observed. 

This fact, which makes maps of radiation balance look much like maps of 
such changeable meteorological elements es, for instance, soil moisture, 
soil surface temperature, etc., must be accounted for vhen data on radiation 
balance are used. 

§ 8. Heat balance 

We nov turn to the question of distribution of the annual values of the 
other heat bale.nee 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 ma.ps of the Atlas of 
the Beat Balance ( 1955 [f.rjf). A corresponding series of world Il\8.1)S ~ 
been constructed by using calculation methods described in chapter II. The 
balance components were calculated for 1300 sites (a.bout 650 sites on ocean, 
located ma.inly in 5° latitude and 10° longitude intervals, and about 650 
sites on land - in intervals of 5° of latitude and 5° of longitude). 

The distribution of the annual amounts of heat spent for evaporation is 
presented in fig. 24. It shows that amounts of evaporation from land and 
oceans in the vicinity of coastlines differ considerably. This fact can 
apparently be explained by the difference in evaporabil.ity ( the possible 
evaporation) between the land and ocean because of different radiation bal
ance values, end also by the effect of moisture deficiency in many regions 
of the land, limiting the evaporation and expenditures of heat for it. 

Fig. 24 shows that, in extra.tropical latitudes expenditures of heat for 
evaporation generally diminish with higher latitudes. However, this gen
eral rule is interrupted on oceans es wel.l e.s on land, by large non-zonal 
changes. In tropical zones the distribution of heat losses is also of a 
very complicated nature; on oceans, this component diminishes somewhat at 
the equator as compared with aree.s of high pressure. 

The main reason for non-zonal changes in heat losses for evaporation on 
the ocean are 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, and also in 
cold stream areas like: Canary Current, Benguela Current, Californian Cur
rent I Peruvian current, Labrador Current, etc. 

Under the influence of sea currents, which increase or lower the water 
temperature, the annua.l amount of evaporation from the ocean surface at s 
certain latitude can vary by two or three times its value. 
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Besides the sea currents, atmospheric circulation also contributes to the 
non-zonal changes in amounts of evaporation end in amounts of heat spent for 
it. This effect is felt me.~ly through cbsnges in the radiation balance of 
the ocean surface. 

The heat expenditure distribution for evaporation from land differs still 
more from the zonal. pattern as compared with that of oceans, because of the 
tremendous influence on evaporation exerted by climatic conditions of mois
tening. 

When e au:t'ficient amount of moisture is available in soil, evaporation 
and losses of heat for evaporation are regulated mainly by the radiation 
balanCe. Stich conditions are observed in regions 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 end 
aemideserts it approaches the sum of precipitation, which is very small in 
these regions. Fig. 24 shows distinctly the areas of abruptly reduced 
losses of heat for evaporation in the main arid regions of the terrestrial 
globe. The greatest expenditure of heat 1s observed in moist equatorial 
regions vhere it reacbes 6o kg-cal/~/year,which is equal to evaporation 
of a wa,ter layer approximately 1 m. thick, during a year. 

Much greater values are reached in evaporation from the ocean surface, 
where the radiation balance is somewhat higher than that on land, and - this 
is very important - the evaporating surface receives a. 31•eat deal of addi
tional heat energy as a result of the heat redistributian by sea currents. 
In this connection, in some tropical and subtropical regions, the annua1 
eve.poration from the ocean surface rea.cbes amounts somewhat higher then a 
layer of water 2 m. thick. 

The me.pa of monthl.y expenditures of heat for eva.poration from the ocean 
completely confirm, the fact of the opposite annual !118.rcb of evaporation in 
extratropical 1atitudes on land and oceans, which was stated earlier in the 
literature. 

It is wel1 lmovn that, during the cold season evaporation on land dimin
ishes considerably. The me.xi:rm.un evaporation is observed at the beginning 
or in the middle of the warm season, depending on the precipitation. Con
trary to this ,the evaporation on the oceans, in the col.d season, usually • 
increases e.s compared with the warm :period. A direct reason for this is 
the increase of the temperature difference bet\l'een air end water during the 
cold season, which also increases the difference in concentration of water 
vs.par at the water surface aod in the air. Moreover, in many regions the 
mean wind speed during the cold season is higher than in the warm period, 
which also increases evaporation during cold periods. 

The increase in evaporation and beat expenditures for evaporation during 
the cold season is closely associated with the increasing effect of warm 
currents during these periods, whereas during the warm season, 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 transm1$Sion in the hydrosphere, represent the main factor in 
increasing losses of energy for evaporation in the cold period. 

We will DO'W consider the problem of the geographical distribution of 
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turbulent beat flux, 
!'1g. 25 sbovs the uoant of heat that 1s emitted b;y the underl;y1ng aur

tace to the air (po1itin valuea) or received troe the air (negative Titlu .. ), 
!'irat. ot all, the 1101t outatand:lllg teat•re abovn b;y this ap ia tbo tact 
tat the aurtace ot all continents (except 1Antarct1ca) as veil as the M.jor 
portion of tbe ocean aurtace, on the aver&~ tor the year, udt1 heat into 
the a tao sphere. 

On the •Jor portion of tbe ocean EUrtace t~ turbulent heat exclwnge 
value 1■ not large 1n comparison 1,fith the• principal component■ of beat bal
ance, and u1uall;y ca,priaes not more then l0-2~ ot their values. .lligh 
absolute val.uee of the turbulent .exchange are reached 1n regions vbere the 
water is, on the average, mu.ch 'V8.?'Rr than the air, 1.ea, in regions affected 
by powerful wan, aea currents ( Gulf Strea■) and in aoae anaa ot higher lati
tudes where the sea is still free from ice. UDder these cond.itiona turbulent 
beet flux can exceed 50 q-cal/c,i!./year. 

The othel' wra currents, except the Gulf Stred, exert a relatively 
llUlor influence on turbulent beat emission from tbe ocean surface into the 
ata::,spbere. 

The cold currents, which lover the sea water te-:perature, diJaiuish the 
turbulent streams ot heat t'ro• the ocean sllr!ace into the atmosphere and 
reinforce stree.ms of opposite flow. As a. resUlt ot' this, in regions at'fec
ted by scae col.d sea currents, the mean annual heat flux although very small 
is directed from the atmosphere to tbe ocean {Canary, Benguela, Californian 
sea currents).- More complicated are the causes t'or the forma.tiop of areas 
with the heat tlwt directed to tbe ocean surface in the southern portions 
of the Atlantic and Ind!,m Ocean (at 50°S). In this case, the turbulent 
heat flux is apparently affected by the advection of warm air -.sses over a 
cold ocean aur:tace. • 

In contrast to what is observed on oceans where on the average the 
turbulent beat flux 1Dcreases in its absolute value, with higher latitudes, 
on land, this flux changes, in the opposite direction. At the same time, 
the turbulent stream on land is strongly affected by the precipitation re
gime - 1n the arid regions turbulent heat emission from the land surf'ace 
into the atmosphere is much stronger thaD in moist areas. 
. Consequently, the greatest expenditure of heat by turbulent flux on land 
is found :Ill tropiceJ. deserts, vhere it mey exceed 50-60 .k8-coJ./c,i!./year. In 
1101st tropica.l regions, especially in regions of moderate and higher lati
tudes, expenditure of heat by turbulent flux is llllch less than the value 
given above. • 

In December turbulent heat flux reaches lat'ge absolute value:! only in 
the northern Atlantic Ocean and in the northwestern section of the Pacific 
Ocean, as a result o! the warm sea currents' influence, and the development 
of beat exchange .between the cold surface of continents end warmer oceans. 

In the region affected by the Gulf StreBll, the expenditure of heat by 
the ocean for turbulent heat emission reaches 4-8 kg-cal/c-2-/month, and in 
regions affected by the Kuroebio it reaches 2-4 kg~cal/cm2/month. 

It is interesting to note that, a noticeable heat emission (D'.)re than 
2 l_<g-cal-c,i!./month) in December, is also observed in the northern South 
China Sea and in tb.e Gulf of '.Bengal, which 1s connected with the development 
of mons,.:,on circulation in this region. ......., 
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An entireJ.y different pattern of distribution of turbul.ent heat streams 
over the ocean is observed in June, 'lhen in the northern portion of tbe 
Atlantic Ocean at the shores of Horth America, Europe and Africa we can see 
large zones where the turbulent beat stream is directed from the atmosphere 
to the ocean surface. 

A similar pattern also exists over a large section of the Pacific Ocean 
in the Northern llemisphere, including the shores ot China and Japan, 

Bcwever, it must be noted, that in all these regions (except in the 
limited region affected by the cold Labrador current in the northwest por0 
tion of the Atlantic Ocean) turbulent flux is weak (less than 2 kg-cal7c-.r/ 
month). This shews 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 llemisphere durin@; June, ocesns in moderate and higher 
latitudes emit up to 4-6 kg-cal/crti-/month into the atmosphere, 

As has al.ready been noted in chapter I, each unit of the ocean surface 
can on the average per year, receive or lose some amount of hea.t due to 
horizontal. heat emission in oceans, i.e., ma~ due to tbe effect ot sea 
currents. Mean a.nnue1 values of this emission, determined as the remainder 
term of heat balance described earlier, are presented in fig, 26, 

In analyzing this ma.p we C8ll see the existence of a good agreement be
tween areas of higher positive values (showing outflow of heat fran the 
ocean surface} and regions of cold sea currents, and conversely I between 
lower negative values and warm currents. 

This agreement is particularly observed for warm currents-Gulf Stream, 
Kuroshio, Igol 'ny, Southwest Pacific-, and for cold streams - Canary, 
Benguela, California currents and the northern portion of the Peruvian 
Current. 

At the same time, in some regions of the ocean, the distribution of 
isolines in fig. 26 does not coincide with the locations of the ma.in areas 
of warm and co1d streams. This is explained partly by the fact that the 
val.ue shown on the map does not directly indicate a transfer of heat by sea 
currents, but shows on~ one of the- consequences of this transfer - the 
average increase or l.oss of heat by the ocean surface as a result of beat 
exchange with deeper ].eyers. 

We can, for instance, assume that because of this reason tbe greatest 
absolute amounts of these values in the Gulf Stream region of moderate and 
higher latitudes are located more to the west, avay from the ma.in current 
of this stream, It is quite probable thst the greatest loss of heat, 
transferred by the stream, takes p.lace in the western areas of the Gulf 
Stream., which ere the closest to the cold region of the northwestern shores 
of the Atlantic coast, However, it must be pointed out that some peculiar 
features in the isolines of fig, 26 are apparently connected, to a certain 
degree, with the insufficient reliability of the calculated values. Since 
these values were derived as the remainder term of balance, it is obvious 
thst when calculating them, errors in determining the other cODq>onents of 
balance were added and the greatest error in the calculations, as compared 
with all other cODq>onents, originated, This ws apparently reflected by 
the location of the isolines, which diminishes their reliability, espe
cially for some regions in the ocealls ot the Southern Hemisphere and for 
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tbe 110rtbern ■ectioa of tbe Pacific Ocean, where original. cl:t.&tological 
data Wied tor calcul.&tion■ wre poaitiTIJly i.nsutficiently reliable. 

!ii 9. Tbe .......i and diurnal 'YUi&tioaa of be&t ~ 
• , c011;p0Mnta 

TIie lllUl\lal 'YUi&tiono in beat balance au land 

Let 111 nov eXlllline the principal feature■ of the am1Ual arch of i-t 
balance c-ent■ in the -in cl:t.&tic zone■ of tbe terre■trial globe. 
:ror thia ·purpoae ve Y1ll ut1e data froa which tbe A tla1 ot the lint Balance 
vaa con•tnicte4. 

U■i~ tbe principles of cl1-t1c claaaiticatioo b)' B.P. Ali•ov (Ali■OT1 
l2'Q {.!Y; Ali■OY, DrozdOT, Rubinahtein, 1950 ff/; Aliaov and Soroldna,.1953 
~Q/ ,and otbera), w present bere data on the ■m,Wll arch of b&lmee cca
ponenta for cl.batic zone• that differ in circulation procene■• 

Taking int<, account the fact tlat, the azmual mrch of the beat belance 
coo,ponent■ 11■uall;y differ■ oubatentially between land and ocean region■, va 
v1ll ■tort with cbar&cteriatic■ of the annutll mrch on l&nd aurf&ce■• 

A typical IIIIDUal morch ot beat belance ccaponenta 1n the equatorial zcme 
1a preaented in fig. 27 (Monio,,, South Aarica). A• Cl!!! be ..,.,n frca thia 
f 1gure, in the equatorial zone, the radiation balance IR change■ ~t• 
slightly 1n it■ annual arch. Two IIIX!JB - a ■-ll. ON 1n ■pring, and a 
a,re significant ant in 11Utum, - are connected with tbe increue of total 
radiation during tbe equinox period, when in equatorial latitudes, the 
average altitudes of the oun are greateet. 

Becau■e of a perai■tent eon -,iatening by abundant precipitation 1n 
the region of Mallaoa, tbe -Jor portion of the radiation balance beat 11 
spent ~r evaporation. The annual arch of beat expenditure tor en.pora
tion 'LE 1■ ala>■t parallel to the annutll ~ch of radiation balance. 

.• 
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Figure 27 

Annual variations ot heat balance components 
Manaoa, 3°08 1S, 6o•o1•w. Equatorial continental. ci1m.te. 
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Turbulent heat excbange P shows small values in all months of the year. 
Tbe■e values grow a little larger in autumn, afte~ a period of relatively 
•P&r•e precipitation, when losses of heat for evaporation d1.m1nish sl.ightly 
u caapared with radiation balance. 

Another type of the annual march of heat balance compo~ents is presented 
in fig. 2-S. It pertains to climtic conditions of eqUBtorial monsoons on 
... tern coasts of continents (Saigon, Inda-China). Radiation balance, pre
aening great values dur1ng the whole year, has a sharp maxi.mun at the end 
of vir::ter and beginning of spring, when the an,alyzed region. -is occupied by 
dX"y' tropical air with only a slight mrount of cloudiness. A decrease in 
cloudiness increases considerably the total. radiation, which results in a 
larger rediation balance. 

With a large annual amount of precipitation in Sa.igon, the expenditure 
of radiation balance increases considerably; the expenditure of heat tor 
enporation is also great, and it varies considerably during the year. 
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Figure 28 

Annual variations of heat balance components. 
Saigon, 10°47'N, lo6°42:E. Equatorial monsoon climate . 

At the beginning of the dry period, when the soil is still vet, but the 
radiation balance has already increased considerably., the exi>enditure of 
beat for evaporation increases slightly ,as compared with the moist period. 
However; somewhat later, with the progressing desiccation of soil, loss of 
hea:t for evaporation diminishes rapidly and at the end of the dry period 
(April.) it is reduced approxinately to ha.lf of the maximum value that was 
observed in February. . 

rt should be noted that, the minimum of evaporation is observed later 
than the ma.xinum of radiation balance. Apparently this can be explained 
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by the dependence of evaporation on soil moisture. 
The annual •rch ot turbulent heat exchange is, in its general form, 

opposite to that of evaporation. The turbulent stream is small during all 
months, except during the second half of the dry period, when it bec011es 
larger than the ell!lenditure of beat tor evaporation. 

For areas of the tropical. bel.t a great diversity of the amrual. march of 
heat balance components is typical.. It depends on the l.ocation of ~ed 
regions in rel.at ion to permanently acting baric systems. 

The annual march of heat balance cODq)onents 1n areas of continental 
tropical cl.1-te is presented in fig. 29 (Aswan, northeastern Africa). 

Figure 29 

Annual variations of beat balance components. 
Aswan, 24°02 1lf, 32°53'E. Tropical continental c1imate. 

In typical tropical deserts the annual march ot the heat balance com
ponents is determined by rather silllpl.e laws. 

Under conditions of consistently small amounts of cloudiness, variations 
of radiation balance are effected mainly by the al.titude of the sun in its 
annusl march. This results in certain changes in total. radiation. 

A well pronounced annual march of radiation balance shows therefore, a 
strong influence of astronomical. factors on radiation balance, even to 
relatively low latitudes (about 24° ). It should be noted that tbe greatest 
values of radiation balance in Aswan are smaller than its higher values in 
Saigon, although the corresponding value& of total radiation show a converse 
relationship. This is explained by the somewhat higher al.bedo in deserts 
and, ma.inly, by very large values of effective outgoing radiation from str~ 
gl.y heated desert surfaces. 

Since precipitation in Aswan is practically n11, expenditure of heat for 
evaporation during the whole year is close to zero. As a result of this, 
the turbu.lent heat emission is very great end approaches., in its value, the 
radiation balance ( a smal.l difference bet'!l!en these val.ues is effected by 
the existence of a relatively small heat eXcbange in soil). 
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Entirel.:, different patterns of ennua1. variations of be~t balance com
ponents are observed in regions of tbe western periphery of tropical. anti
cyclones ( fig. 30, Belize, Central. America). 
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Figure 30 

Annual. variations of beat balance components. 
Bel.ize, 17' 32 •11, 88° 10 'W. Tropical. cl.iate 
of tbe western :t)Oripber:, of oceanic anti

cyclones. 

In these regions, quantities of precipitation are large and, accordi~ 
ell!lenditure of heat for evaporation is great. During tbe major portion of 
the :,ear, in Bel.ize, l.oss of beat by evaporation is only slightly .-Uer 
than tbe radiation balance, and turbul.ent heat emission is comparativel.:, 
insignificant. Evaporation decreases at the end of spring after a brief 
dry period, during which the soil l.oses a portion of its moisture. Silllll.
taneousl:,, the emount of turbulent heat emission increases ~kedl:,. 

It is interesting to note that the greatest val.ues of radiation balance 
in Bel.ize are observed in the spring JIIOllths and not in s-r, when tbe 
great c1oudiness diminishes the total radiation .. 

Contrary to the cl.imatic features of Belize, in the eastern periphery 
regions of the oceanic anticyclones the features al deserts are observed, 
which however, differ considerably from conditions of continental tropical. 
deserts. A sample of an annual march of beat balance components for this 
type of climate is given in fig. 31. (Swakopmund in southwestern Africa). 
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Figure 3l. 

Annual variations of heat bAlence components. 
Swakop!lllld, 22•42,5, J.J,•32•E. Tropical. cl.imte 

of oceanic anticyclones. 

As can be seen from fig. 311 the radiation b&lance in Swskopmund, as 
veil as in Aavan, changes with the average height of the sun, w'hich is at 
its min1-ml in the Southern Bemisphere winter. However the greatest values 
of radiation balance in Swalt0pmund are noticeably smaller than those in 
Aswan, d~ to the diminished total. radiation as effected by the decreased 
transl.ucence of the atmosphere to solar rays. 

The expenditure of beat for evaporation in Svakopmund is insignificant 
and the turbulent exchange is, 1n its value, close to the radiation balance. 

In the subtropical belt clima.tic conditions are also very diversified 
and depend on the patterns of circulation processes. The annue.l march of 
beat balance components changes here according to circul.a.tion factors. 

A typical. pattern of the annual variations of beat balance components 
in subtropical continental clim&te is presented in fig. 32 (Krasnovodsk, 
Middle Aeia). In this case the annual march of radiation balance, as effec
ted by aatronomiceJ. factors, is very well indicated. In winter months the 
radiation balance alrearly reaches some negative val.ues. The loss of beat 
for evaporation is insignificant because of sparse precipi.tation ,especially 
iD the summer months. Accordingly, in the warm season, the turbulent fl.ux 
reaches large values, whereas during the col.d :period it is silll.ll 1n its 
absolute value, and in some months it is even directed from the atmosphere 
to the earth's surface. 

Qu:l.te a different type of ·annual march of heat balance components is 
observe6. in subtropical climates on the western coasts of continents. 
Data presented in fig. 33 (Lisbon) indicate that, in this case the radiation 
balance bas a very high lll8Ximum in B'llDIDl!r; it is considerably higher than 
that of Krasnovodsk. 

Figure 32 

Annual variations of heat 'balance components'. 
Krasnovodsk, 40°00 1N, 52°59'E. Subtropical continental climate. 
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Figure 33 

Annual variations of heat balance components 
Lisbon, 38°42 1N, 9°08 1W. Subtropical climate 

at the western coasts of continents. 
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The reason for this ditter~nce is aeen in the fact that in ~ 8=i.a~tb) 
a. ame.ll amount of cl.oudiness (and, consequently, a eizabl.e to on 
in summer there is a considerabl.e lover expenditure ot beat for re.tl.ection 
ot short-.:rave radiation and for effective outgoing radiation as compared 

vit~n~:~:=~ climate, vith dry awimere_ and moist winters, a peculiar 
type of the annual march of beat expenditures for evaporation and turbulent 
beat emission is observed. 

The expenditure ct beat for evaporation in the LiBbon region increuea 
rapi~ in spring (in accordance with increasing radiation balance) and 
remains high in the beginning ot susmner when the eo,11 is not <!ompletely 
dry, then drops rapidly in accordance with the desic~ation of' the upper 
soil layers. The aml.l secondary ma.xiDlm ot evaporation is observed at 
tbe end of autumn, when the soil is again moistened. However, it ia soon 
replaced by the winter m.inil!I.Ull1 due to the deficit in radiation beating. 

The turbul.ent beat emi■aion reaches a maxinum. peak during the second 
half of eu.nmer and at the beginning of' autumn. In the other season■ its 
val.ues are small.. 

In subtropical. monso.on climate at the eastern coasts of' continents, as 
is seen from fig, 34 (Shanghai), the sumer ,mx!Jmm of radi&tion balance 
is considerably reduced. The reason tor this is the greater c1oudine1111 
during the swmner 110n11oon. A great B110unt of precipitation aesuree high 
expenditures of heat for evaporation, vhich are close to the radiation bal
ance val.ue. In connection vith this, the turbulent beat emis11ion is com
pe.ratively small throughout the yesr. In the DJderate zone the pattern of' 
the annual march ot heat be.lance components also veriee with the circulation 
factor. 
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Figure 34 

Annual. variations of 'beat balance ~omponents. 
Shanghai, 31. •1.4-•N, 121. 0 27'E. Subtropical. moneoon climate. 

125 

In the central regions of continents the radiation be.lance bas a distinct 
summer meximm; in the Jlorthern Hemisphere it is usually in June (fig, 35, 
Barnaul), In spring and autumn the radiation balance changes rapidl.y. In 
winter it is negative, with absolute val.ues sme.1.1er than those of the summer 
lDBXimwn. The period vith negative values of radiation b&l.ence coincides., 
more or less, with the snow cover period (although there are of course some 
di:rterences between these periods). 

The annual march of heat eX!)enditures for evaporation in these climatic 
regions resembles that of the radiation balance. The difference between 
the amounts- of heat e:>q)ended for evaporation and radiation be.lance in the 
warm season is greater vith lesser precipitation. The change.a in turbulent 
heat emission during the year shaw e. summer maximum, which is more pronouno
ed in drier cl.ime.tes. In winter the turbulent flux of heat is directed 
down ( to the underlying surface), however, its absolute values uauall:y are 
smeller than in the sumner season. 

It is vorthwhile to mention that, in continental. cl.ime.tea the highest 
values of' beat bal.ance are o:rten observed at a different time. The maximum 
of beat e:xpendituree tor eva.1>0ration usually precedes the maxi.mum of radi
ation be.la.nee, and the maxi.nun of turbul.ent heat emission follows the maxi
mum of radiation bal.ance. 

This type of' distribution is the reeul.t of soi1 desicca.tion in midsummer 
and in the second half of the summer season, which d1.m1niahes 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 1N, 83°4-8 1E. Continental cl.ima.te of moderate latitudes. 
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In mariti?DP. climates of moderate latitudes (fig. 36, Paris), many 
:particular features of the annual ma.rch obeerved in continental cliIDB.tea 
are preserved. This also includes the sequence in time of ma.xiIIB. appearance 
of heat bale.nee components. 
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Figure 36 

Annual variations of heat balance components. 
Paris, 48°49•N, 2°29 1E. Maritime climate of moderate latitudes. 

Moreover, in the monsoon climate zone at the eastern coasts of continents 
in moderate latitudes, the annual march of the heat balance components has 
some peculiar features (fig. 37, Vladivostok). In this case, high clouds 
in summer effect a charateristic ''flattening" of the annual curve of radi
ation be.lance with reduced maximum values. The curve of heat expendit'1re 
for evaporation also bas 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 balance of similar latitudes in the continental 
cliim.te zone. 

In higher latitudes, in a subarctic continental climate, the components 
of heat balance have an annual march similar to that of the continental 
climate regions in moderate latitudes (fig. 38, Turukhansk}. 

In this zone llla.-Ximum values of radiation balance a.re not less than those 
in lower altitudes, although the length r;f the period vith positi"!e values 
of radiation balance is considerably smaller. Due to this fact, the annual 
march of radiation balance curve has a sharper form. A similar form is 
found in the curve of heat expenditures for evaporation in the same re
gions. 

It is interesting to note that, in the subarctic vertical turbulent flux 
of heat directed upward is, in the warn season still greater, in its 
obsolute values, than turbulent flux in the cold season, vhich is directed 
from the atmosphere to the underlying surface. 

Figure 37 

Annual variations of beat be.J.ance canponents. 
Vladivostok, 43•07 1N, 131°54'E. Monsoon cllma.te of mode~te latitudes. 
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Figure 38 

Annual variations of beat be.lance components. 
Turukhal'.lsk, 65•47 1N, 87°57 1E. Subarctic continental climate. 
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Since date. on the annual march of heat balance components fol; arctic 
latitudes are much less reliable, ve will not exsmine them, and only some 
remarks about the general. features in the annual march of beat be.lance com
ponents on land surface will be given. 
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The results presented 1.bove indicate that, the greatest monthly sums of 
radi&tion. bal&nce change only slightly when· we go from equatorial to oub
arctic latitude■. The ma.~ reason tor this is seen in the fact that, in 
higher latitudes the decrease of maxin:um. altitudes, of the sun in summer is 
compensated, to a certain extent, by the increase in daylight hours. 

Thus the change in annua.1. values of radiation balance with latitude, 
which 1~ rather re11&rkable ,in moderate and ~gher latitudes, is accomplished 
not by the reduction ot the be.lance 's maximum values but by shortening the 
period with its positive values. 

Tbe annual march of two other principal components of beat be.lance on 
land surfaces - expenditure of heat for evaporation and turbulent heat ex
change - a.re very much dependent on conditions of moistening. 

Under consistent excessive moisture conditions, expenditures of heat for 
evaporation are close to the radiation balance value and, in this case, the 
turbulent heat nux is not great (at a positive radiation balance) and 
us~ represents heat emission from the underlying surface into the e.tmos-

pbe~. dry periods effect a considerable soil desiccation, expenditures of 
beat tor evaporation are diminished, and this decrease is more significant, 
in e0Dql8l'ison Yith radiation be.lance, when the desiccation of soil is 
greater. SimuJ.taneously, turbulent heat emission al.so increases. The 
period of decreasing expenditures of heat for evaporation and the growing 
heat emission lags behind the start of the dry period in its phase relation
shii>, since at the beginning of a drought the soil unuall.y retains a con
siderable amount of moisture. 

In conclusion it III.lat be noted that, on land, montbl.y sums of heat ex
change between the underlying surface and deeper layers ( heat exchange in 
soil); are usue.lly much cDEJ.ler in their absolute values than the maximum 
:monthly SUJD8 of the principal components of heat balance. However, during 
periods When the principal components of balance are lower in their absolute 
value:s (for instance, in winter months), values of heat exchange in soil 
could be quite comparable with these components. 

The curve of the annual 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 warm season and a gain of beat in the 
cold ■eason when the soil cools off. The amplitude of the annual variations 
of heat exchange in soil, as bas already been noted in chapter II, is 
closely associated with the annual range of air temperature. Therefore, in 
many tropica.l regions, where the air temperature changes only slightly, 
during the year, changes in monthly sums of heat exchange in soil are 
insignificant throughout the year. 

The highest monthly values of beat exchange are observed in continental 
clime.tee of moderate and higher latitudes. However, in these cases, maximum 
monthly values of heat exchange are still much lower than the maximum values 
of radiation balance. This circumstance basically differentiates the con
ditions of heat exchange between the underlying surface and deeper layers 
on land from those of the ocean. 
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The annual march of heat balance components on the oceans. 

The annual march of heat balance components in various zones of the 
oceans will be examined in the same order as bas been done for land. 

As an example of the e.nnual march of the heat balance components in the 
oceans of the equatorial zone ve will present data for the western segment 
of the Pacific Ocean, north of New Guinea. Fig. 39 shows the,t in this area 
radiation balance changes only slightly during the year. However, spring 
and autumn maxima are still noticeable (both are shifted somewhat from the 
equinoctial months - spring ma.xi.mum from March to February, and autumn maxi
mum from September to October). The heat expenditure for evaporation is 
close to the radiation be.lance value, and a turbulent heat fJ.ux, sma.1.l in 
its absolute value, is directed from the ocean surface to the atmosphere 
during the entire yea:r. 
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Figure 39 

Annual variations of heat balance components. 
Pacific Ocean, 0° latitude, 150°E. Equatorial cl.imate. 

The heat exchange between the underlying surface and deeper layers, in 
this region develops into some comparatively large values in autumn, when 
heat in from the radiation balance considerably exceeds the expenditures 
fo; e::poration and turbulent heat emission. The su~lus of heat, which 
is received by water masses during autumn, should obviously be transported 
from the analyzed region to higher latitudes by currents and by ma.crotur-

bul;:~e ~nual march of beat balance components in the oceanic climates of 
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equa.torial monsoons 1s presented in fig. 40 ( The Arabian Sea region)• 
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Figure 40 

Annue.l variations of beat balance components. 
Indian Ocean, 15°5,7o•E. Tbe climate of equatorial :monsoons. 

In this case the regular form of ithe annual radiation be.lance curve, 
with a summer maximllm end winter minlnum, is distorted by e. rapid increase 
of cloudiness in sWIIDer during tbe period of equatorial air masses influx. 
An increase in cloudiness diminishes the total radiation and radiation bal-
ance, and in the annual march of radiation balance a. secondary summer mex1 .. 
mum occurs. The turbulent heat emission in this region is 1nsignU1cant 
during the entire year ( which is the result of insignificant differences 
between vater and air temperatures). However, turbul.ent emission increases 
somewhat in winter, a.e is typical for monsoon climtes. 
Expenditure of heat tor eva.poration 1n this region changes during the yea:r 
inversely to changes of radiation be.lance ( this relationship is typical for 
the major portion of the ocean). The winter maxilm.m. of eva:poration is, in 
th:ts case, explained by e.dvection of dry- trade wind air masses, e.nd is con ... 
nected with a considerable increase 1n saturation deficit. The summer 
maxiJmml is associated with a strong increase of wind speed during the 
equatorial monsoon period. 

As a result of the consi~ble increase of beat losses for evaPora.tion 

l.3l. 

:a:1;i: :d swmner, and of a diminished radiation balance therewith, the 
tween the under¥ng surface and lower water layers is directed 

upward during these seasons, although the absolute VBJ.ues are comparatively 
sme..11. In contrast to this, in spring and autumn, great quantities of beat 
are transmitted from the ocean surface to deeper layers and eventual.ly 
transported in horizontal directions into other areas of the world• s oceans 

In the tropical belt the annual march of heat balance components over • 
::d~~~:~. a.re different in those areas vhich have different oirc~tion 

The Yal'lll sea currents are located 1n the western periphery of oceanic 
anticyclones, as it is well known. Thia creates favorable conditions for 
some increase in turbulent heat emission :from the underlying surface to the 
atmosphere. 

As an example we vill 8llalyze the region near the island of Trinidad 
(Atlantic Ocean, northwest of the Brazilian coast}. The amm.a.1. march of 
heat balance components for this area is given in fig. 41. 
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Figure 4J. 

Annual variations of heat bal.a.nce components .. 
Atlantic Ocean, 20°S, 30°w. Tropical climate of 
The western periphery of oceanic anticyclones. 

Radiation balance, under these conditions., changes in accordance with the 
annual march of total radiation, but expenditures of heat for evaporation 
have an opposite pattern. The turbulent heat emission grows in the winter 
months ( for the southern &misphere}, when the effect of the -warm Brazilian 
current is 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 area affected by a warm current which transports warmer water. 
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In contrast to the conditions observed in the western periphery of 
oceanic anticyclones, their eastern periphery is affected by cold sea cur
rents, and the annual ms.rch of heat be.lance components changes accordingly. 
As an example of the annual march of balance components in tropical areas 
of the eastern periphery of oceanic anticyclones, we will analyze data 
pertaining to the region affected by the Benguela Current in the southeast 
portion of the Atlantic Ocean (fig. 42). 

Figure 42 

Annual variations of heat balance components. 
Atlantic Ocean 20°s, l0°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 zone. 

The turbulent fl.ux of heat, very small in its absolute vaJ.ue, is di,rected 
from the atmosphere to the cold ocean surface. The absolute values of heat 
flux isrows somewhat larger in summer ( of the Southern Hemisphere), 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 i~ transmitted to deeper layers of the ocean which 
are spent on heating the comparatively cold water masses transported by the 
current. These expenditures a.re especial.ly large in the sunnner months. 

In the subtropical belt, the ma.in features of the annual march of heat 
balance compone~ts on the ocean surface are similar to those in the corre-
• sponding areas of tropical l.atitudes. However, annual variations of radi
ation balance are much JOOre sharply pronounced, which is the result of con
siderable changes in the average al.titude of the sun during the year. 
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Figure 43 

Annual. variations of heat be.lance components. 
Atlantic Ocean, 55•1, 20-W. Climate of moderate 

latitudes in regions of warm sea currents. 
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Figure 44 

Annual variations of heat balance components. 
Pacific Ocean, 45°N, 160°E. Monsoon clinate of 

moderate latitudes • 
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Typical annue.l variations of heat balance components of the ocean surface, 
in moderate latitudes, are presented 1n :t'ifi!:S• 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 wani current of the Gulf Stream. 

At the 55• latitude the radiation balance· of the ocean surface changes 
within very wide limits, during the year and its nege.tive value in winter, 
in cODtrast to land conditions, cannot be considered as being small io its 
absolute values. 

The turbulent heat flux, in this region, .is directed from the warmer 
ocean surface to the atmosphere during the whole year, and in vinter its 
values ue much l.e.rger than in summer. The expenditure of heat for evapo
ration in the winter months is also very large. The ocean surface must 
receive a great amount of heat from deeper layers to com_peosate for the 
expenditure tor evaporation, turbulent heat emission and heat lost by out
going radiation. 

The ge.Ul of beat, in this case, is achieved through the cooling of upper 
water layers and partly, by util.ization of huge beat energy resources of 
the Gulf Stream 1s powerful current. 

The annual march of the heat balance components changes considerably 
v~n the ef'fect of a. warm current is combined vith that of a monsoon clime.te 
of moderate latitudes. As can be seen from fig~ 44, vhich pertains to the 
northwestern portion of the Pacific Ocean ( southwest of the Kuril Islands); 
1n this case turbuJ.ent heat flux in the warm season is, on the average, 
directed from the atmosphere to the ocean surface, and during the cold 
season, conversely, from the ocean to the atmosphere4 It is obvious that, 
the vaJ.ue of turbul.ent heat flux represents ao important quantitative index 
of the influence exerted by monsoonal circulation on beat exchange. 

In the analyzed region, as well as in the preceding one too, during the 
winter months, the ocean surface receives heat from deeper layers., which is 
associated to a considerable extent vi th utilization of energy from the 
warm current of the Kuroshio. In swrmer, however, a converse relationship 
takes place; the supply of heat from the ra.diation balance and turbulent 
heat exchange considerably exceeds ,the expenditures for evaporation, which 
results in the hes.ting of the upper vaterlayers and facilitates the trans
mission of excessive heat into other regions by means of horizontal heat 
conduct! vi ty. 

Since de.ta oD tbe annual mrch of heat balance components for higher 
latitudes are less reliable on the oceans, we will not examine them. 

In conclusion ve will list some generalizations regarding the annual 
march of heat balance collI!)Onents on the oceans . 

The annual me.reh of radiation balance on the oceans is, by a.nd large, 
similar to that of land regions vith a moist climflte. 

The turbulent beat excbange on oceans depends substantially on the 
a.ct ions of warm and cold sea 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 small absolute values. In areas affected by warm currents the 
beat flux is directed from the water surface to the atmosphere, and can 
reach very large values. 

It must be noticed that in both cases (as distinct from land conditions) 

the annual. march of turbulent heat flux is only slightly associated with the 
annuaJ. march of radiation balance, but it depends greatly on changes in the 
regime of sea currents throughout the year. 

A similar :pattern is observed in the annual. march of heat expenditures 
for evaporation on oceans. As has been mentioned before, in moist land 
areas, the annual march of beat expenditure for evaporation is very close to 
that of the radiation balance. Contrary to this, on oceans, changes in heat 
expenditures for evaporation 1n its annual march are usually opposite to 
changes in radiation balance4 This phenomenon is often connected with a 
strong effect of varm and cold currents on evaporation. The regime of these 
currents changes substantially during the year. 

On the other hand, annual sums of heat expenditures for eva:r;ioration on 
oceans, averaged for sufficiently large surfaces, are in most cases very 
close to the values of radiation bal.ance. 

The greatest differences in the annual march of heat balance components, 
between land and oceans, are found in the beat exchange between the under
lying surface and deeper layers. On land, this component is usually not 
grea.t for :particular months, and approaches zero in its annual value. ·on 
oceans it rne.y reach very large values for the yea:r, and espec.ially for 
single months. 'fhis is the result of the great horizontal and vertical heat 
conductivity of water, and it presents the basic reason wby oceanic and 
continental climates a.re so different. 

Diurnal march of heat be.lance components in various climatic conditions. 

Most of the data on the d..iurnal 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 
a,ccomplished by the 11Sta.tion of the Physics of the Air Layer nee.r the 
Ground." This station is attached to the Central Geophysical Observatory, 
and it is located in Koltushi (Leningrad region). The observations in 
Koltushi ha.ve been carried out during a comparatively long period - in 1947 
and 1949-1951. These data were worked up by T.A. Ogneva (1955 {f7'iJ), and 
a.re presented in fig)t-5 in the form of: the average diurnal march of 
radiation balance R, hea.t expenditures for evaporation LE , turbulent 
heat exchange p, and heat excbange 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 annual march of 
balance components under simi.la.r clinttie conditions in moderate latitudes. 

The comparatively large val.ues of radia.tion balance in daylight hours 
provide for: expenditures of beat for evaporation, turbulent heat emission 
and heat exchange in soiL The e..'!Cpenditure of heat for evaporation is 
markedly greater than turbulent heat emission ( which is typical for moist 
climates), and beat exchange in soil is considerably smaller then the loss 
of heat for evaporation or turbulent heat exchange4 

During the nighttime negative radiation balance is comparatively small 
in its absolute value, losses of heat for evaporation approach zero and 
the expenditure of radiation heat is compensated by the gain from the tur
bulent heat exchange and heat emission from soiL 
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Figure 45 

Diurnal. variations of bea.t ba.lance comJ)onents in 
the Leningrad region during July. 

As data derived by Ogneva show: in the spring and autunm months, the 
range of diurnal variations of heat balance components decreases with de
creasing maximum heights of the sun. There are no reliable data. on the 
diurnal variations of heat balance components for the winter sea:;;on in the 
Leningrad region, however, it can be assumed that in this case, the range 
of the average diurnal variations of all heat bal.ance components is 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 diurnal 
variations of balance components derived from data of observations obtained 
by the expedition of the Central Geophysical Observatory in Pakhta-Aral 
(Middle Asia) during July 1952. Although the period of observation vas 
ra.ther short, it is safe to assurue that the data of the observations suf
ficie·ntly represent average conditions, due to the great stability of the 
desert and semidesert climate in sunnner. , 

The diur~al march,...of heat balance componeW,s in Pakhta-Aral, as derived 
from data given by Aizenshtat, Kirillova, Laikhtman and others (1953 [if), 
is presented in fig. 46. In this case the similarity of patterns for 
annual and diurnal conditions of heat balance components is also well pro
mounced. As was seen in the annual march during the sunnner season, it can 
also be seen in the diurnal 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 ~ceeds the heat exchange in soil. At night, the compara
tively small heat e~enditure is compensated by the influx of heat from 
the soil and air. The expenditure of heat for evaporation during 24 hours 
is cJ.ose to zero due to to the lack of moisture in the soil. 

The difference in the pattern of the annual and diurnal march of balance 
components is, in this case, associated with the relative length of the 
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period with negative values of radiation balance. In the diurnal march 
this period is approximately 12 hours long, whereas, in the annual march, in 
deserts of Middle Asie, negative values of radiation balance are observed 
only during a comparably short period - several winter months. 

In lower latitudes, negative monthly values of r_ediation balance are non
existent and therefore in tropical and subtropical latitudes a similarity 
between the diurnal and annual marches does not exist either. 

kg-cal/cm2 /min 

Figure 46 

Diurnal variations of heat balance components 
in semideserts during July. 

Besides the comparatively scarce data on diurnal variations of the heat 
balance components, vhich vere obtained by special methods of oalance ob
servations calculations of diurnal variations of heat balance components 
vere 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 march bes consider
ably videned the possibility for studying the climatological principles of 
the heat balance components. 

In a paper by L.A. Biri'ti.kova (1955 [JY) many conclusions were derived 
concerning the pattern of diurnal variations observed under various cJ.imatic 
conditions on the basis of a. vast amount of ca.lculated diurnal variations 
of heat baiance components for various climatic zones of the USSR. From 
this data of L.A. Birlllkova it can be concluded that, in the forest zone of 
moderate latitudes in stuJllDer, the radiation balance is positive during the 
larger portion of .f.be 24 hour period (14.-1.5 hours}; in winter, the radiation 
balance can be negative during the whole 24- hour period, which is effected 
by the low altitudes of the sun during daylight hours. 

In the forest zone, the greatest amount of heat ~pent for evaporation 1s 
usually observed in the afternoon, vhereas, the maxi.mum of the turbulent 

.,heat emission is often observed earlier in the day. 
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In more southern regions of the steppe zone, the maXimum of radiation 
balance during its diurnal march in summer., is somewhat greater than the 
maximum' of the forest zone., end the length of the period with positive 
radiation balance is correspondingly smel1er. 

The transition of radiation balance values through the zero value occurs 
a.t higher altitudes of the sun in the steppe, as compared with the forest 
zone, which can be explained by the greater effective outgoing radiation in 
southern latitudes during the swnmer. 

In winter, in some regions of the steppe zone, radiation balance during 
daylight hours can still be positive (as high as 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 same time., corresponding 
maxima of radiation balance are comparatively lower (because of very large 
val.ues of effective outgoing radiation) and usually do not exceed the maxi
mum in the steppe. 

In the deserts of Middle Asia tbe radiation balance near noon is, as a 
rule, positive during the entire year. 

The transition of radiation balance through zero values, in tlle desert 
zone, is 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 tbe vast area of water surfaces is, at present not very well known due to 
the absence of any detailed and reliable observations. Available data are 
l.imited and only permit a conclusion that, in the warm season, the diurnal 
march of beat balance components in moderate latitudes, on the ocean,is 
often sim11ar to their annual march. Accordingly, it might be assumed that, 
between diurnal variations of heat balance components et the same latitudes 
on land and oceans, a substantial difference must exist. 

Chapter IV 

Heat balance and the energy factors of physicogeograpbical 
processes 
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Notwithstanding the fact that the role of solar energy transformation 
in the dynamics of all physicogeographical processes occurring in the 
atmosphere, hydrosphere, and upper la.yers of tbe lithosphere, is wel.l. known, 
concrete forms of the relationship betveen solar energy- transformation and 
tbe intensity of natural processes have been studied com,P&ratively little. 
The very fruitful investigations by 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 pbys1cogeograph
icaJ. medium. 

A.A. Grigor'ev bas indicated many timea that natural procea■es in tbe 
external geographical sphere 1 inclUding climatological, ~o1og1cal., pedo
logical, exogenous geomorpho1ogica+ and biological proces~es 1 are c1oaely 
interrelated with each other. Thia close association is determined to a 
great extent by the continuous excbeilge of sane substances (water, nitrogen, 
carbon dioxide, etc.) between the atmosphere, b(drosphere1 soil and l.iving 
:matter. 

The total amount of all categories of organic and mineral. substances in 
the outer geographical sphere, taken as a whole, changes along with the 
energy ammmt., only slowly in tilDe BIJd, for periods on the order of decades 
can be practical.ly considered as a constant value. 

This relative~ small variability of substance quantities in tbe outer 
geograpb.icel. sphere is connected with an insignificant (as com,pared with 
the availa.bl.e amount) i.ntensi ty of matter exchange between the geographical 
sphere on one hand, and the deeper layers of the litbospbere mid extra
atmospheric space on the other. In constrast to this, the reserve of energy 
in the outer geographical sphere is kept approxinBtely at the same level 1n 
the presence of an intense exchange of energy with the extraatmcspheric 
space, in which the gain of absorbed solar radiation is equal to the ex
penditure of heat energy for outgoing radiation from the earth. 

This approximate constancy of very sl.owly changing reserves of various 
matter and energy ce.tegories in the outer geographical sphere as a whol.e, is 
associated with substantial. and relatively rapid changes of these reserves 
in s0111e localities. These changes have partly a periodical character (24 
hours, annual. period) and partl.y an aperiodic one. 

The dynamics of change in reserves of matter and energy in the outer 
geographical sphere is, according to A.A. Grigor'ev, to a certain extent, 
determined by climatic energy resources; i.e., by conditions of solar 
radiation gain and by its consecutive transformation into heat exchange 
processes., changes of water phases, etc. 

As has already been indicated 1 from the totel. amount of solar energy-
tbat is received by the earth, the major portion 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 geograph1ca1 sphere. 

Insofar as the interaction of the majority of natural processes 1n the 
outer geographical. sphere reaches its greatest intensity in the proximity 
of the earth's surface (where the river runoff is fonned, the process of 
soil formation developed, and the main bulk of organic living mstter is 
concentrated, etc.), it is obvious that, an accounting of solar energy 
transformations on the surface is of special significance for explaining 
the mechanism of the il]teraction and interdependence of the complexity of all 
the "outer11 natural processes. 

In some preceding investigations the author, developing ideas of A .A. 
Grigor •ev, hss put forth the question about the possibility of using date. 
on heat energy balance of the earth's surface for studying pbysicogeo
graphicaJ. relationships by a deductive method, based on general physical 
laws. Such a direction of research creates, in Dty opinion, new possibil-
lities in studying general geogrephical J.e.ws. • 

Going over to an outline of investigation reeuJ.ts of the effect of beat 
and energy balance on the intensity of pbysicogeographical processes, we 
will first examine the problem of the rel.e.tionship between the hydrological. 
regime ot land and clinatic energy factors. 

§ 10. The rel.e.tionship betwe;n heat and wster bal.e.nce on land 

The min characteristic 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 a large extent on the 
process of evaporation, which is also related to one of the main processes 
of soler energy transfdrma.tion on the earth's surface, it is obvious that 
the norm or runoff end the runoff coefficient is in a certain way associated 
with the principal. components of heat bsle.nce. 

A study of this relationship must facilitate the clarification of caus
ative regularities which determine the hydrological regime features of 
various geographical zones. 

The relationship between the components of heat and water bale.nee on 
land was established ~n the basis of the following works: Budyko (194& 
1948b, 1950a 89, 4o &' 4ff). , 

It is obvious that mean sums of evaporation from land surfaces depend 
on the amounts of precipitation and gain of solar energy. With increasing 
precipitation and radiation heat, evaporation also increases. 

When the soil. is very dry, all water tbst falls in the form of precipi
tation is retained by molecular forces on particles of soil and eventually 
is used up by evaporation. 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 radiation heat gain and vith decreasing precipitation, it 
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can be conclu.ded that: 
(100) 

With decreasing i the va.J.ue of i will decrease ( some runoff arise&). 

With some sufficiently large amounts of precipitation and a. sufficiently 
smal.1 ga.in of radie.tion heat a condition of permanent excessive moisture 
wil.l be created in the upper soil. layer. In this case the greatest possi
ble amount of beat energy will be spent for evaporation from available 
resources. The amount of maximum expenditure cou1d be eva1uated by taking 
into account ventilation properties of turbulent heat exchange between the 
underlying surface and the atmosphere. -

In the investigation done by the author and by M.I. IUdin (1948 ffi.J.7) 
and in other works it waa noted that turbulent heat conductivity of the 
atmosphere •s lower ~er depends substantial.ly on the direction of the 
vertical turbulent heat stream. In cases when the turbulent stream 1s 
directed from the earth to the atmosphere a comparatively high intensity 
of turbulent mixing can create very large values of this stream, whiCh 
are quite comparable to the principal components of' radiation and heat 
be.lance. With the turbulent stream of an opposite direction, inversional 
distribution of temperature considerably reduces the intensity of exchange 
and the turbulent heat stream is rendered relatively small. 

The influence ot the ventilation effect on turbulent heat exchange 1s 
clearly seen from graphs of the annual. and diurnal. march. of the turbulent 
heat stream which are given in § 9. During winter, in moderate J.e.titudes, 
due to prevalent tenu,erature inversions, turbulent heat exchange is small. 
as co-,.ed with sumer me.xi.mum val.ues which are brought about by the 
superadie.be.tic temperature distribution during daylight hours in the air 
l.!cyer near the ground. 

A similar pattem is noted in the diurnal variations when we c~ 
val.ues of turbulent heat stream e.t night with those of deyligbt hours. 

As & resul.t of the ventilation effect annual sums of turbulent heat 
exchange are positive, i.e., the average turbulent beat stream is directed 
from the earth to the atmosphere in al.moat all cl.ime.tic zones on land ( see 

§ 8). 
Qpncluding that annual sums of turbulent heat exchange cannot provide a 

substantial. gain of heat for the underlying surface, it must be understood 
that expenditure of beat for evapcre.tioa is compensated onfy by radiation 
bal.ance, and therefore, the upper limit of increase of vaJ.ues LE equals R, 
In other words, it can be assumed for excessive moisture conditims that: 

(101) 

Formilaa (J.00) and (J.OJ.) determine the rel.e.tionship between f and f, 



(102) 

for: 

(vhere $-is some function). 
It should be indicated that long ago, while analyzing <la.ta on precipi

tation and runoff, Schreiber, ( 19()4) and E.M. 01 'dekop ( 1911 {J.erjf) found a 
definite relationship between the va.ter be.lance components, vhich wa.s ex .. 
pressed in the follcrwing formu�as: 

(103) 

( the equation given by Schreiber and improved by 01 'dekop, vhere 
greatest possible amount of evaporation under given conditions; 
basis of the natural loga.ri thms) and: 

(104) 

is the 

the 

( the Ol'dekop's equation vbere lb-.( tanh)- is the function of the lzyperbolic 
tangent). 

It is easy to prove thst equations(l03) and (lOI,.) "Hl suffice formulas 
{100) and (101), if under tbe consideratioms offered ve assume that Eo=�-

It must be remembered, however, that the amount of possible evaporation 
in the given region rtll "be determined by the radiation balance, \/hich car-
responds to conditions of sufficient ooistening. 

As data of observations and calculations show, the radiation balance of 
the active surface depends on conditions of moistening. The reasons for 
this dependence will be described in detail la.ter, but now � will only 
take up the principal _points. In the majority of geographical regions with 
a more or less moist climate (up to the steppe zone, except for drought 
periods) the albedo of the sur:f'ace changes only slightly under changing 
conditions of moistening. This pe:nnits a use of evaporation calculations, 
and an appliCation of observed values of the active surface's albedo; how
ever, in coriputing effective outgoing radiation the :fact that the tempera
ture of the active surface does not dif:fer from air temperature ( as it is 
usually observed in regions with abundant precipitation) should be taken 
into account. Since average differences in the surface and air temperatu:Ni 
are comparatively small, in regions "'lfith sufficient moisture, it vaa often 
possible to approximately determine the amount of evaporability from radia
tion balance computed for actual conditions of the active surface. 

It is quite different in dry climates, vhere the albedo and temperature 
of the active surface cha.nge considerably with moistenir,g and under suf-
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ficient moistening the surface temperature approaches the a.ir temperature. 
It is ob¥ious that, for determining eva.:porability 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 vhen calculating the effective 
outgoing radiation. 

The calculation of radiation balance under such conditions is not dif
ficult end can be easily accomplished by using the method described in § 3. 

For verification of the above considerations about the character of the 

dependence of ratio !!:.. on B... ·with small and great values of the latter 
r lr 

parameter, diversified factual data were used in the preceding \/Orks. 
R E 

As an example we 'lrill compare the values of r; with those of -; taken 
frorn the summary given by v;'undt (1937) for river ba.sins of various conti 
nents( except mountain regions}. 

In fig. 47, the dependence of i on {; for small values of fr , in 

accordance with formula (101), is presented by a straight line OA and for 

great values of fr , in accordance '11th formula (100) .. by. line AB. 

The dots show average values of the ratio -{ff- which vere obtained from data 

on water balance by averaging the values of f for certain intervals of the 

parameter .{J , The exper,;imente.l dots shOw' tha.t1 in reality there is a 

smooth transition in the ratio of � and {!; from the OA regularity to the 

AB, regule:rity which, as was assumed above, are of a limited nature. 
The good agree;r,ent obtained bere is of special significance because o:f 

diversified physicogeographical conditions covered by the utilifred experi
mental results. 

In order to present formula. (102) in an ans4'tical form, the following 
formulas similar to those of (103) and (10�) can be used: 

(105) 

and 
E-f thj-, (106) 

or, the geometrical mean of these relationships can be used: 

VRr Lr! R + R) E= Tth
-,r �1--cb ir sb ir (107) 

( ch and sh - al"e hyperbolic f'unctions of the oosine and sine ) • Tbis fornu
la suits the majority of experimental data better than the first two. 
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Figure 47 

Dependence of the evaporation and precipitation 
ratio on the radiational. index of dryness. 

Equations (105) - (107) establish the dependence of the mean annual 
evaporation on prec1pitation and radiation bal.ance. 

Since the norm of runoff equals the difference between precipitation 
and evaporation, it is obvious tbs.t by usiDg these formulas the runoff can 
also be determined from data on precipitation and radiation bal.ance. 
• E9-uations for runoff and runoff coefficient corresponding to formula. 

(107) will take this form: 

(108) 

and 
(109) 

Formulas (108) and (109), which establish the relationship between the 
components of heat end water beJ.ance, have been verified in many investiga
tions; particular]¥ in the author's work (1951b /fi€/) for such quantitative 
verification data on water balance of European rivers were used I as pre
sented by Wundt :ln the above mentioned summary. From this summary de.ta 
were taken for compara.tivel.y large basins ( with a surface larger than 10, 
000 kJn2) where the effect of local factors on runoff must be sma.11. In the 
table of Wundt, data are given on the average amount of precipitation and 
runoff for 29 rivers of Europe with basins of sufficiently lar~e dimensions. 
The coefficients of runoff for these rivers vary from o.64 (I10) to 0.13 
(The Southern Bug River), which is the result of very diversified physico
geogl'aphicel. conditions. 

The comparison of runoff coefficients, calculated by formula (109) f, 
with data given by Wundt (f)rs presented in 1'1g.48.The distribution of dots 

on this graph shows a very good agreement between val.ues of the runoff 
coefficient that were obtained from hydrometeorological observations and 
those derived by theoretical. methods. 
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The mean discrepancy between absolute values of calculated and measured 
coefficients of runoff equals 0.04J the mean relative error of the cal
culations (mean ratio of absolute discrepancies to corresponding measured 
values) was 1~. It would be interesting to com.pa.re this value with the 
mean relative calculation error of the runoff coefficient from these data 
by means of Wundt 's empirical nomogrem. It should be noted that this ' 
nomogram, which gives values of runoff dependent upon annual. sums of pre
cipitation end mean annual air temperatures, is based on data that were 
included in Wundt 's summary,; in this nomogram all of those data which were 
used for verification in the case examined were taken into account. 
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Figure 48 

Comparison of calculated and measured ve.lues 
of the runoff coefficient. 

From Wundt 's calculations it is not difficul.t to see that his nomogram 
gives a mean error in determining the runoff for the 29 named rivers as 
being 22'1,. 

Comparing relative errors in calculations of runoff from the n re
lation equation" and from WUndt 1s nomogram, it must be kept in mind that 
best results in calcUlation of runoff from the "relation equs.tion 11 were 
obtained: 

(a) by using the theoretical formula that had no uncertain coefficients, 
and was derived and substantiated without a direct use of hydro
meteorological observational data; 

( b) by using two parameters in the calculations, one of which coincides 
vitb the parameter accepted by Wundt (precipitation), and the other 
( radiation baJ.ance) , as distinct from the second parameter of Wundt 
(temperature), was only given as a mean latitudinal distribution. 
for the whole continent. 
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Considering these circumstances it must be acknovledged that the "re
lation equation" provides for a greater effectiveness in determiniDg the 
norm of runoff as compared with the empirical method of Wundt., 

The comparatively great errors in runoff calculations by Wundt 1s method, 
for those basins whose data were used in constructing the calculation dia
gram, can be explained to a great extent by the improper application of the 
mean annual air temperature as a parameter which characterizes thermal con
ditions of evaPoration. We will not go into details on the problem con
cerning the principal 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 
annual temperatures depend largely on this factor. Concerning this, at 
places of equal. mean annual temperatures in marine and continental cli:ma.tes, 
thermal. 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 above mentioned calculation 
of runoff for 29 basins of European rivers by the "relation equation, 11 it 
must be noted that the mean relative error of this calculation is deter
mined to a great extent by comparatively great relative errors in the calcu~ 
lation of runoff for some rivers with small coefficients (and norm) of run
off. 

For 20 basins, whose runoff coefficient is equal to or more than 0.30, 
the mean relative error of calculation by the formula decreases to 71,,. 

This relative error value approaches the mean error of measurements for 
precipitation and runoff. Hence, it can be concluded that, for gre.at basins 
with not very small coefficients of runoff, the discrepancy betveen the 
nean clinatic and hydrologic runoff, if it exists, is found in limits of 
few per cent, end generally it cannot be discovered with the presently 
existing rate o~ accuracy in determining precipitation and runoff. 

The comparatively great relative errors in determining runoff coeffi
cinets for basins with small runoff are partly explained in this case by 
the ~onsiderable influence of small absolute errors. At the same time, in 
examining fig. 48, it can be noted that errors of calculation are not quite 
acc~dental under circumstances of small runoff coefficients. 

'!!he existence of a systematic discrepe.ncy between the calculated and 
observe_d runoff coefficients in this area of the graph, apparently indi
cates some ina_ccuracy in the interpolation function that was used for the 
deriva;tion .nf equation (102): for the comparatively large value of fr , 
the values of f proved to be somewhat exaggerated. Such an error vhich 
is due to the schematic vey of selecting toe interpolation function; has 
~!t:~:rse no prinoipal importance, and, if necessary, could be elimi-

It shoul.d be noted that in determining evaporation by the "relati 
equation,'' the relative accuracy of the calculations will be high ev~~ 
with small. coefficients of runoff, since in this case the error in the 
interpolation function only slightly affects the results. 
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Later, the "relation equation" was verified by use of Soviet Union data 
by P.S. Kuzio (1950 /J)4-37 who also obtained positive results. Considering 
this, it should be noted that, in the paper by N.A. Bagrov (1953 llq), his 
statement is not qu:1 te correct vhen he indicates the existence of consider
able errors in the evaporation calculations by the "relation e.quation" for 
the extreme northern part of the USSR. Kuzin, whom Bagrov refers to in this 
case, assumed that the discrepancy betveen the evaporation calculations by 
the "relation equation" and vater bale.nee for this condition, is basically 
associated with errors in accounting for solid precipitation, and proves the 
insufficient accuracy of the water balance method. This interesting ques
tion needs further investigation with the use of snmr survey data and utili
zation of recent data on evaporation. 

From other critical remarks concerning methods for calculating components 
of water balance by the "relation equation," it is vorthwhile to mention 
the reasons given by D.L. SokolovskiL In his well koawn textbook (1952 
fJ11±7) a supposition is presented that the "relation equation 11 is good 
primarily for practical calculations of evaporation, whereas calculations 
of runoff would be of a low accuracy. In viev of the above date on verifi
cation of the urelation equation, 11 it can be assumed that this reme.r~ is 
valid f'or cases with simll runoff coefficients vhen the errors of ce.lcula
tion, though small by absolute value, could still be of a sre~t relative 
value However for cases with medium and large runoff coefficients the 
relative e.ccura~y of runoff calculations by using the "relation equetion11 

will be quite comparable to the accuracy of evaporation calculations• 
such 8 conclusion is confirmed by the results obtained by L.I. Zubenok 

(see 4), vho verified the "relation equation" by utilizing all available 
data on the hydrological regime of various continents. 

It is interesting to note the.t the "relation equation II can be utilized 
not only for calculations of -water balance components from the beat balance 
(as it was done in papers by P.S. Kuzin, 1950, 1953 [De & 141i/, 8nd others), 
but also for calculating radiation balance on land from data on water bal
ance. Such en indirect method for calcuJ.ating radiation balance, used by 
Zubenok ( 1949a /lo57), has permitted the con5:truction of radiation balance 

- - imileX t those constructed by the usue.l methods• :1: '8 "!!~!:ie:~e 0::~ m~re prove~ the sufficient accuracy of the 11relation 
equati~n" which shovs the relation betveen components of heat bale.nee and 

those of water balance. have been made to generalize the "relation equa-
Recently some efforts additional. factors on evep-

tion" in order to esti:rmte the e;!~~!so~ s~. Bagrov (1953, 19~4-a LI6 & 
oration and runoff• In ~nvestig dif thy form of the function ¢> in equa-
117), there is e sugge~tion h to ~ ty of :dditional factors on evaporation. 
tion (102) t'or evaluat_ing t e e ec hich determines the form of the indi
Ba.grov assumed tJ_w-t P8-~a:.;::teI'~;t~c of the zonal-landscape conditions 
cated relationship is c . eneral conditions of downflow, wster-
vhich involve ~ny factorstu:~~hm::~ur:s, etc." (1953 [lfj/). This idea ~n 
proofness of soil, agricul ff t of indicated factors on evaporation is 
the method of estimating the e ec te calculations performed in his work 
generally correct, hovever, concre 



148 

rei~: :a:a::::b~~!~!~i!~n::~!1~tions of E.M. 0l 1dekop (1911 /J.BQ/) that, 
the effect of all factors on mean annual evaporation from sufficiently 
large basins, except that of precipitation and ~veporability, is compara
tively sme.l.l.. Thia has been al.so acknowledged by N.A. ·Bagrov. He noted 
that factors which are accounted for by variations of parameter n '1play 
a comparatively secondary role" (1953 /Jf/). • under these conditions the 
establishment of a true relation between pire.meter !! and the factors under 
investigation requires a very high accuracy in determining basic hydro
meteorological indices: precipitation:, runoff and eva:porability • 

. The evaluation of the effect of possible errors, in determining these 
values, on evaporation calculations shows the extreme difficulty involved 
in the quantitative study of the dependence of evaporation on additional 
factors, when based on the comparison of evaporation calcule.tions from the 
vater balance and those ma.de by the "relation equation." This fact, at 
the present,limits the l'raCtical importance of the theoretically interestirg 
suggestions by Bagrov l J • 

The "relation equation" presents a general form of the dependence of 
runoff on evaporation, annual sums of precipitation and radiation balance. 
The corresponding relationships are presented in graphs 49 and 50. These 
regularities explain many of the empirical relationships between runoff 
Md precipitation, which have been established in earlier hydrological 
investigations. 

Using the "relation equation" ve can construct a graph which -w-ill show 
the dependence of runoff on precipitation for various mean values of radi
ation balance. 

Such a theoretical deJ)endence, calculated for average conditions of the 
European plain is presented in fig. 51 by curve A .• 

Also given for comparison are: 
1) B ( a stra.ight line) based on the empirical equation by Keller ( 1906), 
which relates the norm of runoff and precipitation according to observa-
tio~al data on the rivers of western Europe~ ✓ 

2) C the empirical curve by D.L. Sokolovskii (Sokolovsk11, 1936 /jli/), 
shows the rela.tion between runoff and precipitation according to observa
tional data pertaining to river basins of eastern Europe. 

An accurate 8.greement between theoretical and empirical relationships 
is again, in this case, a. co?firmation of the "relation equation 1s" correctr 
ness. 

On the basis of tbe "relation equation" it is also possible to explain 
the considerable scattering of the ·dependencies of' runoff on precipitation 
data from various regions, which is shown in derivation of mean empirical 
relationships (B,P. Polia.kov, 1946 /J-B'J]). A considerable variability of 
radiation balance in moderate latitudes results is due to the fact that run-
off from basins with a large balance {i.e., in more southern regions) is 

1) The scheme of N.A. ~av was also recently discussed in the paper of 
V .S. Mezen!i;ev ( 1955 /J.6V) in which some improvements on rnetbOd.~ for cal.
aul.ating evapcration from land surfaces are suggested. 
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Figure 49 

Relationship of runoff vith precipitation and radiation balence. 
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Relationship of evaporation with precipitation and radiation 
balance. 
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considerably smaller than from basins with a smaller balance (more northern 
regions), under equal amounts Of precipitation. At th7 same. time, the 
speed of changes in runoff varies with increasing precipitat:i.on (r!.ll • 

dr 

According to the "relation equation," it should be greater in northern 
basins than in southern ones. 

This relationship is well confirmed by factual data, 
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Figure 51 

Relationship of runoff and precipitation. 

Among other possible applications of the "relation equation" in the 
investigation of the runoff relation with climatic po,.;er factors, the 
question of runoff changes in mountain regions should be considered. As it 
is well known, in mountains, up to great elevations, an increase in runoff 
is usually observed with increasing heights, \ihich is associated with a 
simultaneous increase in precipitation. 

In fig. 52 data on variations of runoff and precipitation "7ith height 
are presented for the river Aar, up to 2km (M.I. L'vovich, 1945 !J-627) and 
data on runoff and precipitation for 5 .. ~lasses of the dissected terr"ain in 
the bas:n of the river Tissa (B.V. Poliakov, 1946 {18'[!). 

Considering that for lower elevations the value of radiation balance 
changes only Slightly with height ( in this case, some increase in radiation 
and effective outgoing radiation occurs, which compensate each other) and 
considering the given data on precipitation, the corresponding values' of 
runoff could be calculated by using the "relation equation". Results of 
these calculations are presented in fig. 52 by line ( 3) which coincides 
very well with '.he-given date of measured runoff {2). ' 

Thus, i"t must be concluded that for mountain basins of the rivers Aar 
(up t~ 2km) and Tissa, the observed variations of the runoff sums and co
efficient of runoff are completely explained by the increase in precipi
tation,. i.e., by climatic factors. A direct effect of the orography on 
runoff is, in this case, almost imperceptible. 
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Figure 52 

The changes of runoff with height a)-Aar River, b)-Tissa River 
l- precipitation, 2- measured nmoff, 3- calculated runoff. 
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This conclusion, sound es it apparently is, is not of a. universal na.ture 
for many mountainous basins. It does not work in high mountaih basins, and 
also in basins with very rapid changes of the underlying surface with in
creased heights ( a. direct effect of orographic conditions on runoff could 
be determined, for instance, from data on the rivers of the North Caucasus 
which are given by L.K. Davydov, 1947 L"fli!, end others). ' 

A good agreement between results obtained by calculating runoff with 
the "relation equation" of heat and wter balances and va.rious factual dat~ 
confirm the great and determining effect of clinm.tic factors \in particular 
heat energy factors) on the formation of annual runoff sums 2 . 

The estimation of the effect of radiation balance on components of water 
balance not only permits clarification of some genetic regularities in the 
formation of the hydrological regime on land, bU; also opens new possibili
ties in solving some practical problems which are associated with the 
necessity of calculating amounts 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 here that this conclusion pertains only 
to river basins of considerable dimensions, which can be compared with the 
scale of geographical zones. In sm.11 plots, river runoff can chs.nge in 
wide limits under the influence of local conditions of a nonclime.tic 
nature. 
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§ ll. l!eat bal.ance and geographical zonality 

The climatic indices of geographical zonality, 
one of the main problems in pey"sical geography is the explanation of the 

geographical zonali ty phenomenon, which was discovered at the beginning of 
tbs 20th century- by the outstanding soil scientist V. V, Dokuchaev ( 1900 
and others) , 

In investigations by V,V, Dokuchaev it was established that tbs 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 possibl.e evaporation was established for the principal. 
geographical zones. The investigations of Dokucbaev stimulated numerous 
works that were devoted to the study of relations existing between the 
distribution of soil and vegetation on one band, and the relationship of 
precipitation to possible evaporation (or their indirect characteristics) 
on tbe other. 

~g investigations in this direction tbs investigation by G.N. Vysot
skii ( 1905 /'fl.7) should be mentioned. In this work, tbs relationship of 
annual amOUDtS of precipitation end evaporability ( which vas considered as 
being equal to evaporation measured by waj;J,r evaporimeters) was computed. 
The values obtained were used by Vysotski:i in an analysis of conditions of 
soil types formation and development of vegetation in various natural. ZOD.es. 

In the paper by Transeau (1905), for tbs purpose of studying climatic 
:rectors ot forests distribution., a map is given showing the relationships 
ot precipitation to evaporation from va.ter evaporimeters in North America. 

Somevbat later Penk (1910) suggested a cliDBtic classification· in which 
cl.imates were divided into three groups: climates with precipitation ex
ceeding evaporation, with precipitation equal. to evaporation and precipi
tation less than evaporation. 

In subsequent investigations the ma Jori ty of authors, who were studying 
cliDBtic conditions of moistening on the basis of calculated relationships 
of precipitation and possible evaporation {evaporability), rejected data 
obtained by w.ter evaporimeters., in determining evaporability. 

The reason for this was., on one band, an insufficient quantity of such 
data for many regions, and on tbs other hand, tbs difficulty in pbysicalfy 
interpreting tbs readings of eveporimeters used by tbs network of meteor
ological stations ( eventually use of water evaporimeters at meteorological 
stations was rejected and, particularly at stations in the network of tbs 
Soviet Union, the Wild evaporimeter was removed). 

The majority of consequent investigations concerning moistening con
ditions on land can be divided into three groups by their indices., which 
were used for determining evaporability. Those groups are: l.) where data 
of saturation and deficit are used, 2) data on air temperature are used, 
and 3) data on radiation balance are used. 

An extensive use of saturation deficit data was made., for the first 
time, in studying moistening conditions in the paper by E.M. O1 'dekop 
(1911 /J1!1:il), which has already been mentioned lllBny times above. 
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For determining evaporation from the surface of river basins Ol 1dekop sug .. 
gested a formula 'cited in§ 10) in which the index of climatic conditions 
of moistening is Eo , - the ratio between precipitation and evaporability 
( tbs possible evaporation). For determining tbs value of evaporability, 
Ol. 1dekop used the formula}!0 -ad,vhere £ 0 -evaporability, d-saturation 
deficit, a-coefficient ofproportionality. The value of coefficient a, 
according to Ol•dekop is equal, for the warmer balf of tbs year, to 22.7 
( saturation deficit 1RIS bare determined in nm and evaporability in mm/month) 
and for tbs colder half of tbs year it was 16. Consequentfy the mean annual 
value of this coefficient is 19,3. 

Using this val.ue we arrive at e concl.usion that the mean annual. val.ue. of 

tbe relationship fr- is equal to ~ 2d, where d- ie the mean annual. satura .. 
tion deficit. 0 

Tbs fol'IIIUl.a suggested by Ol'dekop for determining evaporability is not 
anything new .. many authors used it earlier for determining evaporation 
from the surface of ·water reservoirs. However, Ol. 'dekop apparently was the 
first who applied data on saturation deficit to calculate evaporability and 
the relationship between evaporability and preoipitation, 

Ol. 1 dekop was also the first to make an attempt at a physicomathemetical 
anafysis of the dependence of bydrometeorological regime l,ndices - evapo
ration and runoff - upon tbs relationship of evaporability and precipita
tion. 

Later,the formula .£fadwas used 1n investigations by P.S. Kuzin in cal
culations of evaporation from land surface in :aoiet cl.ima.tes (for pertinent 
regions it was consequently assumed that evaporation vas basically deter
mined by evaporability). Tbs values of coefficient a were obtained by 
J(uzin as being approximal.efy ll, (1931, /J),oJ) and 15 {1938 [f),:!_n ( in tbs 
eame dimensions) . 

In 1926 Meyer used, as cbaracteristics of tbs moistening condition, tbs 
relationship of the annual precipitation sum and mean annual. saturation 
deficit. This value, eventualfy named the NS- coefficient, was largefy 
used l.ater by many foreign authors in investigating relations between the 
distribution of various types of soil and vegetation, and climatic condi
tions. Apparently, the NS- coefficient is proportionel to tbs index sug
gested by 01' dekop and is larger than the value of thio index b:, 232 times. 

In 1931 Prescott found that the Meyer index divided by 230, coincides 
with the relationship val.Ue of precipitation to evaporation from the water 
surface. However, Prescott DB.de no reference to the earlier investigation 

by ~~:k~!: in papers by N.N. Ivanov (1941, 1948 Lll2 & Dill the follow
ing formula for determining evaporability was •~sted: 

E,=0,0018(8 +25)'(1-k) -.../month 

where 9_: the mean monthly sir te~rature, k- mean monthly relative 
bulllidit:,. Since tbs value of (8+25)' is approximatefy proportional to 
saturated vapor pressure within the interval of temperatures which are 



usually observed accompanying more or less intensive evaporation, this 
formula practically coincides with: Eo =ad. 

Coefficient a is here equal to 18. 4 ( this was noted by A.M. Alpat 'ev, 
1950 L1!/, and later acknovledged by II.II. Ivanov, 1954 /J.l'iJ), i.e., close 
to the meen value obtained by 01 'dekop. The annual value of the moistening 
index was, according to Ivanov, equal. to n;d . 

In the cited papers Ivanov performed calculations of the precipitation 
relationship to evaporation for many stations. 
• Obviously, the method of calculo.ting the moistening index used by Ivanov 
did not introduce anything new when compared with earlier accomplished 
works, since the index of moistening presented by him is numerically closer 
to the index developed by· Ol· 1 dekop, and is proportional to the NS-- coeffi• 
cient by Meyer ( 221 times smaller than this). 

However, insofar as N .N. I,-nov did not mention the investigation by 
V.V. Doku.chaev, G.N. Vysotski11 E.M. Ol'dekop, Meyer,and others in his in
troductory survey, ve find an erroneous opinion expressed in literature, 
eve,n up to these days that, the "index of moistening" concept belongs to 
?f.N;, Ivano,r and that his index differs substantially from other indices of 
moistening that were suggested earlier. 

We will not cite me.ny of the other investigations, in which the relatio:rr 
ship of precipitation and saturation deficit ( or precipitation end a value 
proportional to saturation deficit) vas used es a characteristic of mois
t.ming conditions, but one important thing should be mentioned. 

The single reason for the assumption that evaporation is proportional 
to saturation deficit, was the conception concerning evaporation from water 
surfaces as being proportional to saturation deficit. This conception, 
which was very popular 1n hydrology some decades ago, was later disproved. 
There are many theoretical investigations and experimental projects of 
this problem available. The experimental projects established that evapo
ration from limited water reservoirs is determined by the formula: 

E0 =ad", 

where n- is a value less than one. The value of parameter n bas been 
foun4. by various ,y,thors: _by O.S. Poznyshev (1937 /f.M-7) - 0.5; v.11. 
Mo~iak (Ogieve_kii, 1937 /17ff[) - 0.7; V.K. Dabydov-(lijl,i,. /t';fff) _ o.8; B.D. 
Zaikov (1949 £10?:7) - o. 78'; and others. The reason why ev8poration from 
water reservoirs 1s not proportional to saturation deficit is eiplained in 
these investigations. 

We note here the interesting feet that in the latest pa.per by Prescott 
1949 ( who earlier used, rather extensively, the NS- coefficients for ' 
analysis of moistening conditions, 1931, 1934), in order to achieve 8 
better agreement between isolines of moistening index values with border
lines of soil type zones, a suggestion is made to use the saturation de
fi,cit 'V!llue with e power factor of O. 7 in the denominator of the value of 
the NS~ coefficient. This statement indirectly reflects the fact, well 
known by nov, ~hat the. evaporation value from the veter surface usuall 
increases considerably slower than the saturation defici-c. y 

l 

The concurrence of the isolines of relationship for precipitation end 
saturation deficit with boundaries of the vegetation or soil type zones 
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was investigated in great detail for the NS-coefficient. The majorit~ of 
investigations on this problem (by Jenny, 1941, V.P. Volobuev, 1953 {rol 
and others) proved that the distribution of the NS: coefficient only shows 
an approximate coincidence with boundaries of the natural zonf!s, and in 
many cases it is interrupted. From all that has been said above it is 
obvious that, this conclusion also :Pertains to (ll 1dekop's index (and also 
to the index used by Ivanov) insofar as they are proportional to the NS
coefficient. 

Thus, the problem concerning theoretical and empirical substantiation 
of the feasibility to apply the relationship between precipita.tion and 
saturation deficit as an indication of moistening conditions, is not quite 
clear in the light of recant investigations. 

The second group of investigations on climatological indices of mois
tening is based on an applicati'>D of the evaporation characteristics de
rived from data on Sir tem_perature. 

Among these investigations we will mention the papers by ~ (1920), 
and Martonn (1926), who suggested the indices f and 8.;_ 10_as charac,teris-

tics of moistening,where 6- is the mean annual temperature. From the 
climatologica1 point o.f view it is very obvious that these indices are not 
satisfactory. It is well known that the mean annual temperature is often 
very much dependent on thermal conditions during the cold season of the 
year, which generally have little effect on the formation of physiC!ogeo
grapbiCal zones. 

Some samples are given here which vill 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. ZBegnevskafa. (1954 /JiJ), on the 
boundary of wooded steppe and s•teppe, Lang's index changes from 50-100, in 
European Russia, to indefinitely great values,and ~hen to negative values 
in Siberia. In North AL.v.:rica the value of Lang's index on the same bound
ary, from north to south, noticeably diminishes from 100 to 40. 

Martonn rs index is not so changeable, but still varies in rather wide 
limits - from 25-30 on the boundary between wooded steppe and steppe in 
European Russia, to 40 and more on the same boundary_ in Siberia. These 
changes in Lang I s and Martonn' s indices indicate their incomparabil.ity 
with sctual conditions of moistening. 3) 

Much more interesting, in comparison to Lang's and Martonn' s indices, 

3) Similar considera"tions could be referred to the calculation method of 
moistening conditions used in the well known climatic classification by 
KBppen ( 1931 and others). The use of mean annual temperatures as an index 
of evaporation is, of course, a great deficiency of this classification, 
which in many other respects is very valuable. 
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are the indices in which the~l characteristics of the growing season h~re 
utilized Such indices were developed in me~ invest7igations, amo)ng W ch 
the studies of G.T. Seli~inov (1930, 1937 L2()8 & 202, and others deserve 

spe~!e.! :=::!~~:1.stic of possible evaporation, G.T. Selia.ninov suggested 
8 comparison of the sum of temperatures, with the amount of precipitation. 
The practical usefulness of this well kno'Wll index hes been proven by nu
merous agrometeorological researches. This hydrothermal. coefficient of 
Selfaninov has been used in many agroclimatic vorks. However, it has never 
been empirically tested on a wide range of geographical data• On the other 
band this coefficient bad no detailed theoretical basis either, and in 
some' cases doubts were raised concerning its actual value. 
, These circumstances called for an edd1t1on~l study of the relationship 
between the sums of tempereture end evaporabil1 ty. 

The third group of investigations on clirratic conditions of moistening 
!or esti.Dllting the value of possible evaporation {evaporabil1ty) is based 

on ;::1~:!~n0:n:~ff1!~!:n:t~a~:·the radiation regime, 1n studying cliimtic 
conditions of moistec.ing in their relation to pbysicogeographical processes, 
was suggested and substantiated by A .A Grigor 'ev. In his works, Grigor' ev 
(1946, i948 and others @l. & 8'{]) indicated that the relationship of pre
cipitation and radiation balance is of a determining nature for the devel
opment. and intensity of basic picy"sicogeogrephical processes. According to 
this statement, Grigor'ev specified some laws governing the relationship 
between radiation balance and precipitation on one hand and general physico
geographical conditions in various areas of the terrestrial globe on the 

0th~rther developing the idea of A .A. Grigor • ev, we will note the following 
feature. The equations of heat and vater balance on lend cen be written 
in the following form for the year: 

-fr=f+{; (110) 

and 

1=-f+f (lll) 

(Terms of tbe heat balance equation are divided by Lr, and those of the 
water balance_ by ; ) . 

To these relationships we can add the "relation equation" between the 
heat and water balance that was derived in the preceding section. 

These three equations tie up the four relationships of the terms of 
heat and water balance. Consequently, in tb.ia case, only one of these 
terms is an independent variable. 

Taking the specific nature of the form of the "relation equation" into 

\ i 

I 
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account, it should be concluded that, as a parameter which determines ell 
other values of the heat end water balance terms, the relationships of R 

p u 
and r; can be utilized ( the ratios f and f are of little practical use 

in determining the first two values in dry climates when small changes in 

f or f correspond to very great changes in -/!; and {;.) • 

Since the turbulent flux of heat value is usually determined with less 
accuracy than the radiation balance, it is obvious that it would be most 
expedient to adopt the value of B.. as the basic parameter when determining 

Lr 
the relationship between terms of heat and veter balance equations. R 

This parameter can be considered ss the relationship of evaporability r 
and precipitation, or es the relationship between radiation balance and 
expenditure of heat for evaporation of the annual precipitation amount. 

Thus, using this parameter, we ere sinrultaneous1y taking into account 
the idea of the moisture index suggested by Dokucheev-Vysotskii and tbe 
postulate of A.A. Grigor 1 ev concerning the nature of the radiation balance 
and precipitation relationship as being indicative of moistening conditions. 

When relative values of the heat end vater balance teTI!ls ere determined 
R • 

by one parameter r; • , then, absolute values of these terms are determined 
by two parameters, for instance !i. and R. This must be kept in mind in 

Lr 

subsequent analyses. R 
The index of climatic moistening conditions Lr• vhich can be celled a 

radiational index of dryness, must be calculated by using data on radiation 
balance, which corresponds to sufficient moistening conditions of the under
lying surfeee. This postulate, resulting from theoretical foundations of 
the method for calculating evaporebility from radiation balance, is closely 
connected (as will be shown later) with general principles of calculating 
evaporability from meteorological parameters. 

From various data, which comprise the theoretical and empirical basis 
of the suggested index of dryness, we vill select the most important con
clusions. 

It is obvious that, from the general point of view, possible evaporation 
from the land surface depends on many meteorological fectors. The most 
important of them ere - sola.r energy balance, moisture of the air and air 
temperature. Therefore it can be concluded that, every method of deter
mining evaporability by only one of these elements vill inevitebly be an 
epproxima.tion and will include a more or less greater error. For a de
tailed evaluation of tbe accuracy of ell approximate methods, they must 
be compared with a. method which takes into account all of the basic factors 
effecting evaporation. 

The general. method for ce.lculating evaporability, which takes into 
account the effect of radiation balance, humidity, air temperature and the 
influence of turbulent exchange, was suggested by the author (1951a Lfi.'fJ)_, 
and was used for verifying the method of calculating evaparabil.ity by • 



radiation balance. This verification vas accomplished for tvo regions in 
European Russia and gave good results for annual values and also for month
ly values of evaporabili ty. 

It is obvious that the method for calculating evaporability from radia
tion balance Jmlst be tested in a similar way for all climatic zones of the 
terrestrial globe ( see page 169,i.e,i>age 165 of this translation). 

Another important substantiation of the method for determining evapora
bility from radiation balance is the derivation of the "relation equation" 
and its verification against various factual data ( see §J.O). 

Lately the radiation index of dryness --{!, has been largely used in various 

geographical investigations, including studies by A.A. Grigor 1ev concerning 
general problems of physical geography (1951, 1954 %3 & &,J), papers on 
regional climatograpby (for instance.t. ~ Orlova, 1954 /1£32.J), etc. In the 
monograph by A~G. Isachenko (1953 Li1'2/) some critical remarks concerning 
the method f!=3r calculating evaporability from radiation balance have been 
given pointing out that the rad.iational index of dryness "presents the 
most concise and physically understood index of climatic moistening." 
Isachenko has, at the same time, expressed a doubt concerning the use of 
annual sums of radiation balance in calculations of evaporation for the 
year. This question ie analyzed in more detail on pp. 177-178 (pp. 172-174 
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 remark is justified, but it must be equally referred 
to all forms of the Dokuchaev-Vysotsk.i:i index, due to the paramount im
portance of soil moisture redistribution for the regime of moistening dur
ing single seasons in the majority ot the climatic regions. 

Moreover, Isachenko also assumed that radiation 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 asswne that the tur
bulent flux of heat may have a large significance in furnishing annual 
amounts of heat spent for evaporation from land, in two cases - in abundant
ly irrigated oases of dry climates ( the significance of the turbulent flux 
of beat vill be the greater, the smaller is the oasis itself), and in cli
mates with a 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. Ivanov { 1954 /lll{/l 

However, it must be regretfully pointed out that, almost all critical. 
remarks made by Ivanov were ba.sed on insufficient knowledge of the contents 
of the analyzed works • 

. Thus, for instan~e, a large part of the article is devoted to the analy
sis of the evaporability values which he computed by using the radiation 
balance method, and he calls it "the evaporability according _to Bu.dyke. 11 

These data, however, have no relation to the method for calculating eva.p
orab11ity that was developed by the author. We have repeatedly emphasized 
(see Budyko, Drozdov and others, 1952 [-56J) that for determining 

,I 
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the value of evaporability, those data on radiation balance vhich were com
puted for a moist surface should be used. 

Nevertheless, N.N. Ivanov calculated evaporability "accord~ng to Budyko" 
from the radiation balance computed for the actual sts.te of the surface, 
i.e., from an index of balance whit"lt can dif:'.°?r greatly from the balance 
for 8 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 bad no reason to attribute to the author those results of 
eva:porability calculations from radia.tion balance which he obtained. 

Another argumentation by Ivanov, which occupies a prominent place in bis 
article, is also based on a misunderstanding. Ivanov maintains that when 
evaporability is calculeted from radiation balance, the effect of atoos
pheric circulation on evaporation :processes from the earth's surface is 
"completely ignored." 

Apparently Ivan6v bas forgotten that stmospheric· circulation does not 
exert any i~iate effect on beat exchange processes of the earth I s surface 
(see §1). At the same time an indirect effect of circulation on t~ae4)roc-
esses end on radiation balance of the earth's surface 1s very great. 

In the author• s researches, which vere devoted to ~his .problem, a met~ 
for calculating tbe effect of heat exchange, betveen the underlying surface 
end atmosphere, on evaporation, was developed. In the same investigations 
maps of' the distribution of beat exchange between the earth's surface aDd 
atmosphere were constructed for the first time. Thes~ :maps give quantita
tive answers to the question concerning the effect of h~at exchange with 
the atmosphere on heat balance and beat expenditures for evaporation from 
the earth, s surface. In -these vorks ( and also in §,10) the question con
cerning the effect of the beat exchange between tbe earth 1 _s surface and 
atmosphere on evaporation was also analyzed in .deriving the "relation 
equation 11 by taking into account contemporery conceptions about laws 
goyerning turbulent beat exchange in the air L ··er near the ground. 

Since N.lf. Ivanov did not examine the substance of the author's investi
gations of this problem and even made no mention of them, it is obvious 
that a discussion of hi~ statement tbat the author "completely ignores" 
atmospheric circule.tion, would be rather difficult:... 

In the latest investiga.tions on evapora?ility (IAkovleva, 1953 ffe.4§7; 
Budyko, fudin, iAkovleve, 1954 @J, and others) the question concerning 
the effect of the moistened surface's dimensions on the amount of evapora
tion was analyzed in detail. These works lead us to the conclusion that 
the effect of the dimensions of the moistened surface on evaporation is 
more pronounced in dry climBtes, lb.ere gree.t contrasts in temperature a.nd 
humidity take place between irrigated and not1irrigated lend. In this case 

4) It must be pointed out here that, in abseI1,ce _of atmospheric circu).ation, 
radiation balance on the land surface in all l~titudes would be equal to 
zero in the mean annual veJ.ue. Therefore, it can be concluded that atmos
pheric circulation exerts a much stronger effect on the distribution of 
radiation balance than on eny such meteorological element as air tempera
ture. 
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the value of evaporation from a small irrigated plot 1l1B.Y DBrkedly exceed 
the value of ~ , however this phenomenon will be of great :Lmportance only 

L 

for irrigated plats of a small size - mainly those not larger than a few 
hundred meters. 

It 1s worthwhile to notice that these conclusions, obtained as a result 
of a theoretical analysis, were recently vell confirmed by date. of many 
experimental investigations, including data obtained by the expedition of 
the Central Geophysical. Observatory to the oasis of Pakhta-Aral. 

Having analyzed the three most popular approaches to the determination 
of evaporability, 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 disadvaatages of the relationship of evaporability 
and precipitation as a -characteristic of moistening conditions, irrespec
tive of the use ot one or the other method for calculating evaporability. 
In availab1e inves~igations there usue1ly are two main shortcomings of the 
Dokuchaev-Vysotsldi index. 
1) This index only inc1udes annual characteristics, and does not account 

for ennua1 variations of precipitation. 
2) This index on:cy takes into account the possible expenditure of moisture 

for evaporation, and does not account for losses of moisture by runoff 
(for instance, the review of V.P. Volobuev, 1953 /Jrj/ and others). 

The first reason must be undoubted1y approved. As available data show, 
dynamics of soi1 moisture change abruptly under different conditions of 
annual variations, even lfhen the total. annua1 amount of precipitation is 
equal.. This, ot course,is of great significance for many physicogeogrspbi

. cal processes. Therefore, for more detailed analyses of climatic condi
tions of moistening, data on so11 moisture are of great importance. To 
enab1e a more extensive use of these data, the author suggested en indirect 
method for cal.culations based on the veter bslance equation ( 1950b Lii47). 
A similar idea was presented by A.G. Isachenko ( 1953 lll'j]), who also -came 
to the conclusion that a direct estimation of soil moisture dynemics ie 
quite necessary 1n a study concerning climatic conditions of moistening. 

At the same time, 1n :rmny applications, a schematic characteristic of 
:moip,ten1J!8 conditions 1s, apparently, quite sufficient, end the Dokuchaev
Vysotski:f. index may conveniently serve as such. Thus, for the purpose of 
clarifying the general moistening conditions on tp.j! vast surface of all 
continents, &!>.Plication of the Dokucheev-Vysotski{ index coul.d be Justified 
by the necessity of considerable schemtization of the source meterie1 in 
order to genera1ize it on a smJ.l sea.le map. .., 

The second critical remark, concerning the index of Dolruchaev-Vysotskii, 
about not taking the expenditure of moisture for runoff into account, when 
appl.ying this index, is in our opinion not justified. Mu.ch earlier, in 
investigations by E.M. 01 'dekop, it was established that the coefficient 
of runoff (the relationship between the norms of runoff and precipitation) 
for river be.sins is often determined by the rl!:lationsip between precipita
tion and evaporability. This conclusion was later confirmed in many other 
investigat1ono, including those by the author ( see §10). Thus, for the 
given re1at1onship between evaporabi1ity and precipitation, ·the relation
ship between loss of :moisture by runoff and precipitation, as well as the 
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relationship bet-ween loss of moisture by evaporation and precipitation ( in 
more or less larger regions) is not en independent value and can be easily 
calculated by the '"relation equation, 11 

As previously mentioned, the ratio of pr"ecipitation to evaporability or 
the inverse value is connected by certain functional relations with all of 
the other water and heat balance components of the land surface. This is.,. 
the main· theoretical basis for an extensive use of the Dokuchaev-Vysotskii 
index in the analysis of moisture conditions. However, it JDUSt be pointed 
out that a purely empirical investigation of relations between character
istics of various physicogeographical processes on one hand and precipita
tion and eveporability on the other, is also possible, and it is not 
limited by the necessity of using the index of moistening. 

Several investigations -were carried out in this direction, among which 
the p&.pers by V.P. Volobuev deserve special a~tention (a summary of results 
is found in the monograph published in 1953 L7Q/) • 

Further developing the idea suggested by V. V. Dokuchaev and B .B. Polynov 
(1915 /J.86J), V.P. Volobuev established quantitative correlations be~en 
so11 cover characteristics and climatic factors .. precipitation and air 

ten;:a:e.uri::- shortcoming of these, in neny respects very interesting investi
gations, is the application of the mean annual tempersturE; e.s an ind:x ~f 
the tbennel regime. In climates of moderate and higher 1atitu~s this in
dex provides for only a very rough characteristic of evaporsbility. 

Investigations in this direction are very essential, especially when 
they make use of the most perfect meteorological indices, -which ere p::-o
vided by recent developments in climatology. 

A.t the same time research in this direction is still relatively 1ittle 
• when co 'ared with moistening investigations using the index of 

~~:!::e:Vysotskir. T~refore, in investigations of moisture conditions 
-which determine geographica1 zonality on the continents, it is most ex
pedient to use the relationship of precipitation end evaporability. 

Determination of Evaporability 

According to the above mentioned argumentations we will now examine the 
hr in methods for determining evaporebility: 

t ee) ma ted by E M 01 'dekop and used by Meyer, N .B. Ivanov 
1 method sugges e;a. orability from saturation deficit, 

and others' in determining G TP Sel:Gminov in determining evapora.bili ty 
2) method suggested by • • , 

from sums of temperature, bilit from radiation balance. 
3) method of det~rm!ni~~:~:p~~a co~;e results of the application of 
First of ell, it s esbe i no more or less detailed, comparisons 

these methods with each ot r, s nee 

have ever been made. evaluation of the correctness of these methods 
At the same time, for an "With the complex method of calculating evap

it is proper to c~re themsly takes into account all of the principa1 
orabi11ty, -which simu1taneouilit _ radis.tion balance, teinperature and 
factors that affect cvaporab Y 
humidity of the air. 
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The principles of the complex method for determining evaporability were 
suggested in a paper by the author ( 1951• {f+'[!). We will outline this_ 
method, in e somewhat simplified form, in a manner that is most convenient 
for practical use. 

The amount of possible evaporation from lend surfaces ,which are suffi
ciently moistened .apparently can be determined by methods similar to those 
used for determining evaporation from llBter surfaces. At the present time, 
as a result of mnoerous theoretical and experimental investigations, it is 
acknowledged that, evaporation from veter surfaces or from moist surface-s 
is proportional to the saturation deficit calculated from the temperature 
of the evaporating surface 5) (see§ 5). This. relationship can be expressed 
in the fallowing form: 

E,-pD(q,-q). (112) 

vhere £ 0 - is possible evaporation (evaporability), r- air density, D
coefficient of external. diffusion, qs - specific humidity of saturated air 
a.t the tempera.ture of tbe evaporating surface, q- specific • . ..imidity of the 
air at standard level of measurements (2m). 

In preceding investigations (Budyko, 1951• /f+57, Budyko, Drozdov et al 
1952 {5f/), the author introduced in equation f1I2) e complementary mul.ti
plier ~. vhich characterized 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 consid~rable degree, but complicate the calculating 
procedure. 

This is the reason why parameter [~"'vas dropped from formula (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 superadia.batic temperature gradients to the length 
of the whole averaged period. It is obvious that the value of the coeffi
cient of external diffusion must be smaller than that of the earlier used 
coefficient (according to latest data the mean value of D f'or the warmer 
period of the year is approximately 0.63 cm/sec., also see chapter II). 

From fornrule (112) it can be concluded that, in order to calculate evap
oration, we have to know the air humidity q, , the coefficient of external 
diffusion D ( which is proportional to the coefficient of turbulent ex
change end in turn depends on many factors), and temperature of the evapo
rating surface, which determines value q s· 

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 much more complicated matter. 

5) It must be emphasized that this value, in most cases, differs consider
ably from the value of saturation deficit calculated from air temperature. 

Generally, a direct measurement of temperature of the active land surface 
is very difficult, and in this case the problem is complicated further by 
the feet that we have to deal with temperature of a surface from which eva~ 
oration proceeds under sufficient moistening conditions, i.e., unde~ condi
tions which can differ considerably from the actual. circurnsta,nces in regions 
with dry climate. 

In the above mentioned investigations, on determining the temperature of 
the evaporating surface, it is suggested that the equation of heat balance 
be used: 

(113) 

The radiation balance value could be presented in the form of: 

R= R0 - 4s068 (8w -8), 

where Ro - radiation balance for the moistened surface calculated by using 
effective outgoing radiation es determined from air temperature, s7""" coeffi
cient depending on qualities of the radiating surface ( usually about 0.9) 

a -the Stefan - Boltzman constant 0- air temperature, ·aw- temperature 
of the active surface. The following formula can be written for turbulent 
heat exchange, by analogy with (112): 

P= pc,D (6~-8), 

where cP- heat capacity of the air at constant pressure. 
Developing these formulas, we obtain from ( 113): 

R, -A-LpD(q,-q)+<rc,D+4sob')(6.-6). (114) 

From equation (114), having data on air humidity q , and temperature 
o, available and knowing the values of D and Ro -A~it is possible to 

calculate the values of 6w and qs , which are part of the well-known re
lationship (the Magnus formula). Furthermore, such a calculation would 
permit one to compute evaporabili ty £ 0 by using equation ( 112). 

Equations { 112) and { 114) aJ.lov us to investigate the dependence of 
evaporation on basic meteorological factors in a genera.l form. In the 
mentioned papers, on the bas.is of such investigations, conclusions were 
derived about laws governing the effects upon evaporability of temperature 
and humidity of the air, turbuJ.ent exchange and radiation balance. In 
evaluating the above 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 ( 114) are 
rather cumbersome and time consuming. Calculations could be simplified and 
facilitated by using suitable nomograms; however, in many cases, it would 
be more convenient to use simpler methods for determining evapora.bility, 
thus requiring smaller quantities of basic data. 

Now, let us examine those three simplified methods for caJ.culating evap
orability by taking into account the theoretical interrelations outlined 
above, and available empirical. data. 
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For a l.imited peri~d of time, by using the radiation balance method, 
evaporability is determined by formula: 

Eo= Ro-;A 

Since, for the year the value of A is near zero, for tbese conditions 
(and for many other cases as well), it can be assumed that evaporability is 
equal to the relationship of radiation balance and ls.tent beat of evepora-• 
tion. 

From formula (114) it can be concluded that, when determj,ning evapora
bility from radiation balance we can expect to obtain accurate results only 
in case: 

\ R,-A=LpD(q,-q), 

i.e., vben value (pc PD+ 4sab~)(6111 :--6) is much smaller than the amount of 
heat spent for possible evaporation LpD(qs-q). 

Consequently, the absolute error in determining evaporability from 
radiation balance will be: 

end the relative error 

(115) 

Equation (115) permits the calculation of relative errors in determining 
evaporability and also errors in calculating evaporation from water sur
faces, if we assume its value as being equal to Ro-A 

-L-. 

~his equation will later be used in evaluating errors of the evaporation 
calculations. To demonstrate it here, we -determine the error in calcula
tions of eva:porability from radiation balance by using the direct compa.rsion 
method of evaporability values calculated by formulas (112) and (114) for 
the year (by adding up the monthly values), with corresponding value~ rf 
the relat~onship of raQ.iation balance and la.tent beat of evaporation. 

For this purpose the values of £ 0 and radiation balance ( that was di
vided by the latent beat value) were computed for 44 sites located in 
various climatic conditions, from the tundra zone to equatorial forests 
and tropical deserts on all continents ( excep~ in the Antarctic). 

Comparison of ~hese values is presented in fig. 53, which clearly shows 
that the calculation of evaporability from mean annual ds.ta of radiation 
balance gives values close to calculations of evaporability from fonmilas 
(112) and (114). The mean relative error in the first calculation as com
pared with that of the second is only 1o,;. 

l 

This conclusion means that the direct effect of such factors as tempera
ture and humidity of the air on annual values of evaporability is 111ch lees 
essential in comparison with the determining effect ot radiation balance. 
On the basis of data given in fig. 53, in the majority of cases it could be 
concluded that, for a sufficiently moistened land surface the, turbulent 
flux of heat P is small in its absolute values, as compared with the main 
components of heat bale.nee - radiation balance and expenditure of heat for 
evaporation ( exceptions from this rule are observed, as was indicated, 
mainly for comparatively small plots under dry clime.te conditions). 
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Figure 53 

Comparison of evaporetion values determined 
by complex method and radiation balance. 

For clarification of the physical principles involved in this calculation 
method for determining evaporability from sature:t .. ~ deticit we will first 
examine the relationship between saturation deficit and radiation balance 
for various clime.tic conditions. In this ane1ysis we will be limited to 
the use pf Russian data only ,since there a.re no reliable data on saturation 
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deficit ( calculated with the Ql 1dekop correction) 6) for the whole globe. 
In fig. 54 mean annual values of saturation deficit,taken from the paper 

by E.M. Sokolova ( 1937 /212.7), are compered 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 end 
coastal lands. 

As can be seen from fig. 54, under conditions of a more or less humid 
climate, a close interrelationship exists between values of radiation 
balance and saturation deficit. It is close to a direct proportionality. 
According to the relationship presented in fig. 53, it can be assumed that, 
under analyzed conditions, saturation deficit is also connected by a direct 
proportionality with true eva:porability. 

Thus, !or more or less humid regions, calculations of evaporability from 
radiation balance end saturation deficit will give similar results (when 
coefficient a in fornru.la E0 =ad· is properly selected). 

Now let us compare the principal error in calculating evaporability from 
saturation deficit and radiation balance, in a more or less humid cli?IV3.te. 

Possible evaporetion from the humid surfaces {evapora.bility) is equal 
to: 

E,~pD(q,-q) 

it could b4~ presente~ as the sum of two components: 

where q/ - is specific humidity of saturated air at the air temperature. 
Since the vaJ.ue of (q/-q) corresponds to the saturation deficit, the last 
formula could be rewrittem 

where Eo" - is evaporability, determined by saturation deficit, and 
pD(qs::_-q])='BE/ -· a vaJ.Ue, that characterizes the principal error in 

6) E.M. Ol'dekop has shmm that, when determining ttean monthly values of 
saturation deficit, we cannot use mean monthly temperatures, since a large 
error arises in the calculations due to the nonlinear dependence of the 
pressure of satura.ted vapor on temperature, and because 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 indicat.ed 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 a.broad). 
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calculstions of evaporability ftom saturation deficit. This error arises 
because of a difference between air tempereture and the temperature of the 
active surface. 

The relative error in the calculation of evapcrability :from saturation 
deficit will be: 

(116) 

If ve compare the relative error in calculations :from radiation bale.nee 
and saturation deficit, by dividing the corresponding values from equations 
(115) end (116), we obtain: 

(117) 

It is interesti~g to note that due to the approximate proportionality of 

values (O"' - 0) and (q, -q/), within limits of their actual Possible• varia

tion ratio OE0' for each air tempere.ture hes an approximtely constant 
' a£0" 

value. So, for instance, we find from this formule that with an air tem-

perature of 25°c the value of :f!: is approximately e~uel to l/2. This 

means that the principal error in calculating evaporation from rediation 
balance, with a more or iess high air temperature, is smaller then _:the 
principal error of evaporability celculations from seturatio.~ deficit. 
This conclusion must. be accounted for in calculations of evaporation, how
ever, it does not exclude the possibility of an approximate determination 
of evaporability from saturation deficit in relatively moist climates. 

Much more difficult is the utilization of seturation deficit for cal
culating eveporability in dry climate, especially in deserts. 

As can be seen from fig. 54, for dry climates the direct proportionality 
between radiation balance and saturation deficit is broken and the scstter
ing of the dots on the graph is larger. Comparing figs. 53 and 54 we can 
see that, in this case, the direct proportionality is elso discontinued 
between saturation deficit and true evapore.bility. 

There is no doubt that the rapid growth in saturation deficit in desert 
climates is not accompanied by the same rate of increase of the possible 
growth of evaporation (eveporability). This statement is based on elemen
tary res saning. 

Should we compare mean saturation deficits in a desert and in an abund
antly irrigated oasis, these values would differ very 111.1ch. At the same 
time in both cases val.ues of evaporability { of the possible evaporation) 
obvi~usly are equal because the factual va.l.ue of evaporation in an abund
antly irrigated oasis is the same value of evaporability for a _given desert 
region. Thus, se:tur_ation deficit in factual conditione, of dry climate can-
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1r be assumed as being proportional. to the value of possible evaporation. 
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Figure 51,. 

Comparison of mean annual values of saturation deficit of the air with ra
diation balance values. 1-tundra, forest, forest-steppe, steppe; 2- semi

desert, desert. 

7) Thia conclusion could be expressed in a more comprehensive way. Those 
indices of evaporation which greatl.y depend on the degree of moistening of 
a certain locality, should be used for determining evaporabil.ity in dry 
climates by taking the abundant irrigation into account. Accordingly, as 
bas been emphasized in previous investigations of the author and also 
pointed out above, in determining evsporability from radiation balance in 
dry climtes data of the balance calculated for a moist surface should be 
used. It should be pointed out that, such calculations are not more com
plicated then calculations of radiation balance for the actual state of 
the acti·1e surface in dry climetes. 

Actually the ma Jori ty of meteorological stations in deserts, whose data 
vere used for construction of the saturation deficit map tbat ~ are now 
using, were under the influence of the proximity of irrigated plots. 'lber& 
fore, observations of tbesi= stations present &aturation deficit values that 
only partly characterize the climate of deserts or semideseris. Kevertbe
less, as fig. 54- and data of special obserTations show, val.ues of saturation 
deficit derived from observations of desert stations turned ou.t to be con
siderably "exaggerated" in comparison with those considered typical tor 
abundant irrigation conditions of these regions. 

It is very interesting to note that tbe question of tbe necessity of 
taking into account the effect of irrigation on desert climate, whe.,,n deter
mining possible evaporation, was examined DJ.ch earlier by A.I. foei~v. 
So, for instance, in Tbe Climates of tbe Terrestrial. Globe A.I. Voeikov 
( J.881> [JiBJ) anslyzed an interesting case of a l.arge error contained in cel.
culations of French engineers who designed the water reserYoir of tbe • Sue-s 
Canal. According t'o data obtained by sull evaporimeters, tbeae engineers 
assumed that evaporation from tbe water reservoir would be about 7• per 
annum. The actual evaporation proved to be a -11 ttle aore than la per azmuai 

This difference is explained by the fact tbat larger evaporating' sur
faces in deserts evaporate a :aich leaser BJIO\lllt than the amller ones, 
because of the effect tbat evaporation exerts on tile clllate of the Wider.: 
l;ying air layer, 

'fhere is also a second reason for the al.over growth of evaporation as 
c-ed to increasing satw:ation deficit in dry clim.tea. It bas elread;y 
been noted in certein publications that tbe aun water .temi,erature of 
J.J.mita9, water reservoirs in dry regions 1s uaull.y reaarka.bly lover tban 
tbe air temperature. This results in s•lJ.er values ot saturation deticit 
coapu.ted from the temperature of the evaporating surface, as compared vith 
the actual deficit. This effects a relative d111inution of evaporation, which• 
is a1so noticed on nall e-taporating surfaces. 

A more rapid increase in saturation deficit of tbe air iD dry climates, 
as coapered vi tb the grovth a! evaporabili t;y, COJIPlies vith empirically 
established relations between evaporation from water reservoirs and sat
uration deficit. 

As baa already been mentioned in this section, recent investigation• 
established tbat evaporation is proportional to saturation deficit in a 
power less than one. The sue relationship holds true 1n comparing sat• 
uration deficit with radiation balance. This can be seen, for instance, 
from data in fig. 51,.; The relationship betveeQ radiation balance and 
saturation deficit, that is show !!ll this graph, c~ &pproximately be 
described b;y the formula R, = bil'•'• vbere b = 11.3 ( using the suie duen
sions in vhicb this graph was compiled) • 

This conclusion explains the above mentioned results of the latest in
vest:lgation by Prescott (19"-9), vbo el.so cue to the conclusion tbat it is 
necessary to take into account the saturation deficit in power O. 7, in 
indices cha.racteriziDg tbe degree of moistening. 

Thus, it can be concJ.uded that, it is f-.aible to use saturation deficit 
for calcul.e.ting evaporation and for cozputing indices of moisteniDg, -~ 
in more or l.ess :moist climates. In this case, calculations of evaporability 
from. saturation deficit give, on the average, results tbat are close to 
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those obtained from radiation balance caJ.cu.lations, although the principal 
error of the calculations from saturation deficit will be somewhat greater 
than the error in calculations from radiation balance, 

But the assumption that there is a proportional relationship between the 
evaporation and saturation detic'it, in dry climates, is entirely wrong. 
In tb.1s case it would be mare correct to consider the amount of evaporation 
as being proportional to saturation deficit in a power less the.D l, even 
though this kind of calculation will also include a noticeable possible 
error which results from tbe above outlined physical reasons. 

Let us nov examine the problem of using sums of temperatures in evapore.
bility calculations. As' is well know, sums of temperatures present en 
illlportent agrometeorolog1cal index, which at ~he t~ being is used largely 
in agxicultu1'8.l ~linl.tology. :However, the pbysical interpretation ot this 
index bas never been very clear. Because of this, it would be of consider .. 
able interest to compare tbe sums of temperatures vith the, physically 
substanti&ted, energy index of evaporability; i.e., the radiation balance. 

For this purpose relevant calculations were carried out. The results 
are presentei in fig. 55. The abscissa shows radiation balance veJ.ues R, 
the ordinate shows ta::=- the sums of tempe;rature higher than 10•0 t!) 
taken from the World's Agrocllllltic Handbook ( 1937) for 300 stations dis
tributed over various climatic regions on all continents ( except Antarctica) 
from 71°11 to 46 11S. All data in this handbook were used, end only coastal, 
island·, and mountain stations were omitted. 

Fig. 55 shows a very close correlation between the sums ot temperatures 
and radiation ba1ance, which exists, on the average, in &13: latitudes end 
continents. It is interesting to note that this rela.tionship baa the form. 
of direct proportionality, where in the !irst approximation, sums of tm
pera.tures divided by 100 are about equal to the que.ntities of radiation 
balance 1n kf!,-cal/c,,f!./year. 

A distinct dependence of the sUl'lS of temperatures on radiation energy 
fa.ctors interprets, to a certain extent, the physical meaning of this char
acteristic, -which up to recent times was sometimes considered as a very 
conditiona.l index. At the same time, the established correlation between 
sUDl6 of temperatures and radiation balance shows considerable possibilities 
in using sums of temperatures as an indirect esti:imte o! evaporability 
under various climatic conditions. 

It should be noted, however, t}at because of the definite scattering 
pattern shown .in diagram 55, the correlation between sums or tempera.tures 
and radiation balance cannot 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 tempere.tures ls found. So, for 
instance, in some coastal regions sums of temperatures turned out to be 
somewhat lower wben compared vith radiation be.lance. Still more incon-

) The sums of temperatures higher then 10• is obtained by adding up meen 
~ily temperatures in the Centigrade scale for the period when these tem-
peratures are higher tlian 10•. -

I 
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gruous ere these factors in mountain regions, where sums of temperatures 
usually decrease with altitude at a much higher rate than radiation balance. 

In such cases we encounter certain conditions which increase the mean 
differences between the air and active surface temperatures, which may 
result in definite errors in estimating thermal factors of physicogeograph:i.
cal processes on the surface when using sums of air temperatures. This 
interesting problem requires special treatment. 

A great adVBI1tage of sums of temperatures, as indices of the evepora
bility value, is seen in their stability, which shows only s1.ight variation 
with the changing dryness of climte. For instance, they vary considerably 
less than saturation deficit. This fact also justifies the utilization of 
sums of temperatures for determining evaporation in dry climates, deserts 
included. r Bg 
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Figure 55 • 

Comparison of sums of temperatures vi th values 
of radiation balance. 

From fig. 55 it can be concluded that annual evaporability could approX'..: 
imately be determined by formula: 

E0 =cE6, 

where £ 0 -·- is evaporability in mm/year, E8- sums of temperatures higher 
than 10°0, c- coefficient equal to 0.18. The annuel value of t~ 
Dokucb.aev-Vysotski! index, in accordance with the idea of G.T. Selianinov, 



COD be computed by fOI'llllla: 

where r- is the annual amount of precipitation in mm. 
SUlllllar1zing this analysis of methods for determining e'Yllporability as 

used in calculating the index of Dokuchaev-Vysotskii, we can note the 
following. 

The complex method tor determining evaporability, that is described 
above, is the one which, theoretically, bas the most substantiation. It 
takes into acc011Dt the effect of radiation balance, air temperature and 
humidity. However, utilization of this method involves some c:umbersome 
comp.1.tations, and that is its shortcoming. 

In calculations of annual SllOUDts of evaporability the rad'-81;ion boJ.ance 
•thod can be largely applied. This method also has a definite theoreticoJ. 
basis, and under very diversified climatic conditions gives results close 
to those obtained by the complex method. 

Among the eap1r1coJ. •thods for determ1ning evaporability, attention 
should be paid to coJ.culations of annual amounts of evaporability from sums 
of temperatures. These calculations are very siaple, and under .,. large 
range of cliD.tic conditions - from tundra to the equatorial zone - they 
provide results similar to those obtained by calculations of the radiation 
bBJ..ance method. 

CoJ.culations of enporabillty from saturation deficit can give satis
factory results, minly in COD!P8r&tively bumd clinlates. In a dry climate 
( especially 1D desert&) these calculations are less suitab1e and might 
include considerable errors. • 

On the basis of these deductions ve o.pply the amounts of evaporability 
calculated by the ro.distion bale.nee method, in our st~ of 1110istening 
conditions on the continents. 

Let us now consider the question concerning the period for which data on 
ro.distion balance abould be taken in determininJ! evaporability. 

In one of the preceding works by the author { 1949b {!ig7) it vs.a indicated 
tb&t 1n ~ifterent climates of moderate latitudes, values of radiation 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 yeo.r, radio.tion balance 
in JIOderate latitudes is negative and its absolute values are small. In 
spring, radiation balance becomes positive, and at the beginning of the 
growing season ( which is usually aocompsnied by the increase of air tem
perature to 1o•c), in most cases, it reaches comparatively large positive 
values. Tims, negative and positive voJ.ues of radiation balance during the 

"Dongrcnring season" compensate each other to a certain extent. 
Available data on radiation balance provide a basis for a more detailed 

analysis of the problem on the relationship of radiation balance values for 
the year and growing season. The results of such e com_parison are shoWD 
in fig. 56, where the abcissa represents radiation balance for the year R1 
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and the ordinate /'( - radiation 'balance for the period with tUll)era.ture■ 
higher than 10°C. These vaiues were computed for moist surface conditions 
( the compsrison of ba.lance voJ.ues for the actual state of the surface would 
give, by and large, the same results). 

,: kg-cal/ cg{!./ sea.eon ,, 

j/J 

,. 
..... 
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Figure 56 

Comparison of sums of radiation balance values for the 7ear 
and growing season. 

Data in fig. 56 perto.in to statio11s located between the latitudes of 
40° and 70••. Data of coastal and island stations were not UIJed in con
structing this graph. 

As csn be seen from graph 56, larger 'Y1llues of ro.distion boJ.ance R and 
R' which are observed in lower latitudes are a1vays clos• to each other. 

In higher latitudes, where !:hese va1ueB are smaller, we obsene some dif
ferences between R ·and R' values, with the latter value considerably 
larger than the former. It should be pointed out that the largest dis
crepancies between these values are principal.J.y found in sbarp continental. 
climates ( the centroJ. regions of Euro.sia). 

In this region a rapid increase of temperature in the spring prod\acas 
an inccmq>lete compenaation between negative and positive value■ of rsda
tion balance • in the "nongrowing period "on9. \harefore the radiation balance 
for the growing period becomea larger tban that for the yeo.r. 



But, that does not mean that it is necessary to use, iD cal.culating 
annual amounts of evaporability in & sharp continental. climate, radiation 
balance vl!llues for the groving season. ;..s bas been repeatedly mentioned 
by the author ( l95la /!+'2..7 and others), values of radiation balance for the 
warm ■eaaon in moderate latitudes cannot be used entirely :for evaporation 
(when there is sutficient moistening of the region). If annual variations 
of temper&ture are quite pronounced, & de.finite psrt of the heat in radia
tion balance is spent, duri.Dg the va.rm. period, for heating (and thawing) of 
soil. This amount of beat is age.in released during the cold season -when the 
soil is cool.ing off (and freezing). This portion of heat grows. larger in 
sharply expressed continental climates, and increases still more in regions 
vith dee:p ·soil freezing. 

According to available dat& of heat exchange 1n soil we may conclude 
that, in continental c1i.DBtes of moderate latitudes, the amount of heat 
which can be spent for evaporation during the warm season is markedly small
er than the radiation balance for the growing Beason, and is closer to the 
annual value of the balance. 

Tbeae deduction& contira that, for deteraining annual. evaporation in 
various climates, it is feasible to use values of radiation balance which 
also pertain to annua1 values. 

Some regularities in geographical zone.li ty 

For the atu~ of correlations between geographical. zonality and climatic 
conditions, the author ( 1.955• /J8J) designed a world up of the radia.tioaal 
index o:f dryness. 

In constructing this map a special. world DlB.p of radiation bal.aJ:ice was 
used; the latter map referred to a aoistened surface condition ( val.ues of 
radiation balance were caleul.ated by methods described in § 3, the value of 
the albedo of the moistened .surface was assumed to be 0.18 for the period 
without e. snov cover). 

Tbe isol1nes, on tb.is nap of radiation balance for the moist surface, 
generally follov a latitudinal pattern. In respect to -mean latitudinal 
values, amounts of this !adiation balance a1·e somevhat smaller in strong 
continental regions of moderate latitude&, some monsoon regions and also 
some areas of the Iliddle latitudes. of North America.. In desert regions the 
value of radiation balance is, as a rule, somewhat higher than in surround
ing regions of· a more humid climate, however, this difference ia relatively 
smal.l. 

Having data on radiation balance available and using results of the 
Central GeoJ)hysical 0bserva·',ory on precipitation amounts, it was possible 
to calculate the index B... . These ca.J..culs.tions vere aecompl.isbed for 16oo 
sites, distributed moreL6r le3s evenly over the continents. This number of 
observation points is sufficient for constructing a rather detailed world 
map,, however, it must be remembered that tl:rere,, inevitably: will still be a 
certain degree of sc~me.tization in the distribution of t'he dryness index. 
A sparp spatial changeability of precipitation in some regions (especially 
in the p1edmonts and mountains) resu1ts in cOrresponding changes of the 
dryness index, which is not always reflected by a map of limited dimensions, 

even vhen a dense network is available. Therefore, ve vere com:pelled to 
show, on the map, onzy schewtt1zed isolines in those regions where tbe 
index isolines went too close to each other and outlined some re1atively 
small areas. 

The map of radiational index of dryness (fig. 57) shows tqe values of 
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f, equal to 1/3, 2/3, l, 2 end 3- These steps were chosen by taking into 
account results of preceding investigations by the author concerning the 
analysis of the correlation existing between values ot' the dryness index 
and boundaries of the natural zones, and also considering the conclusion 
by A.A. Grigor•ev (1954- L~7), who indicated that between the dryness index 
on the boundaries of mean natural. zones there are certain multiple, numeri
cal relationships. Isolines of the dryness index in fig. 57 are draVD over 
the vhole surface of the continents except high mountai.n regions and ex
treme northern sections of Rorth America, which are shaded. This bas been 
done because of the fact that no rel.iable data are aveilable neither tor 
radiation or preciPitation in these regions. Thus, in particular, data on 
precipitation in ll'ortb America undoubtedly contain considerable errors 
due to insufficiently accurate iaeasurements of solid forms of precipitation. 
Tbe correction of these errors is rather dift'icult. 

As can be seen from fig. 57, the distribution o! radiation index of dry;
ness isolines on continents shovs great variations in the ind.ex values of 
each continent. The most humid conditions, with the small.est value of the 
dryneos index, are seen me.inly in higher latitudes wllere evaparability is 
very low. The greatest values of this index are found in deserts and semi.
deserts. 

COJ1IPBring the radiation index ot dryness -p (tig. 57) with geobotenical 
and soil. type m.ps, ve can see that the distribution ot the dryness index 
isolines coincides fairly well 'With the distribution of tbe mean pbysico
geogre.phical zones. The lowest values ot the dryness index (up to 1./3) 
are typical of the tundra zone. Tbe large values of this index ('fr011. 1/3 
to 1) are :round in the forest zone. Still J.arger indices (troa 1 to 2) are 
characteristic ot' steppe, and index l&rger then 2 is typical. of• 1e:midesert19:, 
larger than 3 deserts. 

We will not discuss many of the other deductions whteh coul.d be dre.YJi 
from tliie comparative ane.lysis of tbe DB.pa of dryness index and those ot 
geobotanicel and soil t'eaturea, but the main conclusion mat be emphasized; 
tbe parameter R which a:etermines the re1atiTe values of the components 

Ti• 
of heat and water balance also determines, to a certain extent, locations 
of the boundaries of the principal natural zones. It is also obvious that 
in different letitudes, within simile.r zones, essential differences in the 
development ot nature.l processes are teking place. Tbese differences, as 
available data show, can be traced to the f&ct that on di:t'!erent latitudes, 
the :tundsmente.l energy of the na.tur&l processes, which can be designa.ted 
by the radiation balsoce val:aes !R , is essentially different. 

Thns, we need only one I&I"aaeter fr ( that gives us relative values 
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of the heat and the w.ter balance terms) for determining general zonal con
d1 tions of the dynamics of natural processes. But for characterizing abso
lute values of the intensity of natural. processes, two parameters would be 
needed: ,Jl_ and R, vhich determine the absolute values of heat end vat« 

Lr 
balance components. R 

The relationship betveen geobotan1cal features and parameters Lr and 
R 1s presented by a graph with ordinates R and Ji._ which 'ala:> show the 

Lr 

bOUildaries of the principal geobotanicnl zones. 
A schematic form of such a greph is presented in fig. 58. The solid 

line shows limits of actually observed values of R and f, (except in 

mountain regions). Within these limits, definite values of parameter .!i, 
shown by vertica.J. dashed lines, separate the principal geobotanical Lr 
zones: tundra, forest, steppe, semidesert and desert. The great varia
bility of radiation balance values in the forest zone, and the somewhat 
lesser range of these va1ues in the steppe, reflect the variations ot geo
botanical aspects inside these zones. 

Insofar as the zonality of soils is closely associated with that of 
vegetation, results obtained for_ the relationship of V'eget@.tion zones 
to certain values of parameters R end .B,_ could be referred to soi'l. zones 
es well. LT . 
R Consequently, it can be established that with an increase of parameter • 
r; the types of soil will change according to the following sequence; a) 
tundra soils, b) podzol soils, brown forest soils, yellov soils, red soil.s 
slld lsteritiss ( the wide variability of soil. types in this group corre
sponds to the wide range of parameter R ) , c} chernozem and black soils 
of the savanna, d) chestnut soils e) gray soils. The relationship of soil. 
zonality with climatic indices .B.. and R can be presented in a general 

Lr 

way, as a graph similar to that of the vegetation zones, which was shown 
in fig. 58. 

Figure 58 

The graph of geobotenicsl zonal.1ty. 
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_. The zona.lity of the hydrological regime on land, with parameters R end 
J3_ can be eetabl.ished not only qualitatively, but also quantitatively• 
Lr_ From the "relation equation 11 it can be concluded the.t, each class of 
values of pare.meter .B.. corresponds to a certain cl.ass of tP.e runoff co
efficient values. Lr_. Therefore for tundra, where 1!,<1/3 , the ,runot'f 

coefficient must be greater then 0.7; in the forest zone with~!i<-f,<1 the 

runoff coeff 1c1ent muet be O. 3 to o. 7; in the steppe zone ( where 1 < fr < 2) 
from O.l. to 0.3; in semideserts and deserts it is less than 0.1;~ 
The observed data bs,ve confirmed these relationships very well. 

Thus, the evaluation of the effect of the energy factors permits a quan
titative interprets.tion of zonal changes in the runof1' coefficient. 

Absolute values of the sums of runoff ere determined by tvo parameters: 
-R.1 and I R.- . In connection with this, ve can present the distribution of 

r;: 
annual sums of runoff in cm/year in a form similar to the graph in f,ig. 58 
( aee fig. 59). Fig. 59 characterizes the absolute values of runoff in 
various geographical zones. 

Figure 59 

Runoff in various geographical zones. 

The established relationship between indices of the dynamics of pbysico
. geographical processes and clime.tic energy- factors corroborate the J.e.w dis
covered by A.A. Grigor'ev, which states that the relationship between radi
ation balance and precipitation actually determines the na.ture of physico
geographical processes. 

In his paper, published in 1954 ~7, A.A. Grigor 1 ev gave the :following 
interpretation of this law. - -

"In those cases -wben tbe relationship between the index of radiation 
balBDce ot the earth's surface end the index of annual precipitation (given 
as tbe amount of calorie.a which must be spent for vaporization of this 
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amount of precipitation) is about l, then e quantitative proportionality,( ■ 
commensura.teness)exists between heat and moisture amounts which participate 
in the natural processes of the geographical medium. The essences of this 
commensurateness is seen in the f&ct that the value of radiation b8lance 
is equivalent to the amount of heat energy required for vaporization of the 
annual amount of precipitation, end there is only so much precipitation as 
can be vaporized from the surface of the earth under these thermal condi
tions. In the structure and dyne.mies of the geographical medium this com.
mensurateness is expressed by•' the fact that as a "result of beat and moisture 
interaction a certain thermt.l regime is created, 'Vi.th unobstructed end con
tinuous transpiration and evaporation (from the ground surface) on one bane!, 
and processes of the ground aeration on the other, 1;·e . ., a combination of 
conditions of great positive importance in developing the biocoraponents of 
the geographical medium.. 

1' In those cases, hm,ever, -when the relationship of beat and moisture de
viates from vel.ue 1 ( in any direction), a disparity bet-ween beat and mois
ture amounts takes place; pr-?cipitation is considerably larger or consider .. 
ably smaller than the amount which can be va.por1zed under given thermal 
conditions. As a result, under conditions of this thermal regime type, the 
unhampered and continuous fl.o-w of transpiration and evaporation processes 
is disrupte'l. by moisture deficiency ,or proceas~a of soil. aeration are dis
nipted by excess moisture {relative to existing thermal. conditions),· This 
exerts a great effect, usually e negative one, on the development of bio
J.ogical components in the geographical medium, end the disProportion in
creases, the more th.e deviation of the given relationship varies from 1. 

"FrODI. all this it can also be concluded tha.t commensurateness of beat end 
aoisture must exert en essential effect not only on the nature of biological. 
components of the geogre.phical medium, but also on the character of hydro
logic processes, and through them, on geomorpbologica.l processes as well." 

According to these ste;tements by A.A. Grigor•ev there is reason to as
sume tba.t bet-ween climatic energy factors and the intensity. of al.l exterior 
natural processes certain quantitative relations are operating, and these 
relations are similar to hydrological regularities analyzed above. The 
investigation of the relationship between clime.tic energy factors and bal
ances of organic and mineral substances in soil., the productiveness of the 
biol.ogical. m&ss and other similar factors is hampered by the complex and 
insufficient knowledge of the quantitative characteristics of the relevant 
processes. Bevertbeless, application of date on beat energy bale.nee per
mits us to cast more light on some laws governing the crest.ion of organic 
:aetter in various natural zones. Tbe following section is concerned with 
this problem . 

§ 12 . Heat balance and conditions of plant development 

Organic matter in nature is created as a result of the activity of anto .. 
trophic plants vhich a.re the unique group of organisms that is ce;,able of 
synthesising organic m.tter from minerals. From two ways of producing 
organic matter by utilization ot radiation energy (photosynthesis) end 
chemical energy (chemosynthesis), 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, produces, however, 
only an insignificant quantity"of orP.nic matter. Photosynthesising pl.ants 
utilize carbon dioxide of the air, 9) water, and a slllBll amount of mineral 
substances in soil for building organic matter. For the photosynthesis 
process 1n plants, :ome portion of energy, received as short-va.ve solar radi-

ati~~;~:s:=i:~~~vestigations established that the "efficiency 
coefficient" of the photosynthetically active. plants 1s very small, usually 
it equals 0,1-1.~ (on tbe average it is o.~). This "efficiency coeffi
cient II shows the ratio of the amount of energy spent for synthesis of bio
logical mass to the total amount of incoming solar energy. Under most 
favorable conditions the value of this coefficient increases up to ~ and 
only rarely exceeds this amount (Vinberg, 1948 and others). 

It should be noted, however, tbat extensive experimental data proved 
that vegetation also spends water resources in a veey uneconomical way, 1. 
e the productiveness ot transpiration ( the ratio ot weight accretion ot 
~ MB& 1n the plant to the discharge of water tor transpiration during a 
certain time interval) is usually from 1/200 to 1/1000 (mostly about 1/300), 
It has also been discovered that such abundant transpiration is not produced 
by the physiological requirements of plants but, to a considerable extent, 
it 1a Just a useless loss of water (Maksimov, 1926, 1944 /J.65 a. 16fj/ and 
others). . 

These two fundamental facts provided evidence that in natural conditions 
vegetation consumes only an insignificant portion of the available energy 
and vater resources. It is obvious that for investigating tbe correlation 
between productiveness of vegetation and clim.tic factors, it is important 
to clarify the causes which so substantially limit the utiliRtion of· 
natural resources for synthesis of biological 1111.sses. 

In investi~tions of Blaclam.n, Lundegord and some other autb' 't": . .' (Liubi
menko, 1935 /16"J7 and others), it was e.sswaed that the photoc,10·~1esis 
energy is m,,fnly limited by the low concentration of carbon dioxide in the 
air. 

To verify this hypothesis concerning the 11.bd.ting effect of carbon 
dioxide concentration on the process of photosynthesis in natural vegeta
tion, ve have to analyze the physical mechanism of assim11ation and tran
spiration. 

Tbe organ for assimilation in a photosynthesising plant ... the leaf
represents an envelope of dense cuticular tissue vith many smeJ.l openings -
stomata .. which can open and close themselves. Within this envelope a 
great surface of layers containing grains of chlorophyll is enclosed. The 
surface ot thl!se lay~:re contacts atmospheric air through intracells and 
stomata. 

It is very essential that, for development of photosynthesis, the sur
face of the chlorophyll layers be kept moist, since carbon dioxide can be 

9) Along with carbon dioxide of the air the plants can a1so utilize carbon 
dioxide of the soil, however, tbe first source usually provides tbe main 
portion of it. 

i 
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assimilated only when in A solution. Consequently, the relative humidity 
of the air 1n tbe iDtracells is very high and according to some experimental 
data it reaches 98-~. 

Since the relative humidity of atmospheric air during da¥l1gbt hours is 
usually considerably below l~, diffusion of carbon dioxide into tbe leaf 
vith the open stomata is inevitably associated with diffusioll of water vapor 
in an opposite direction; 1.e~, with transpiration ot the plant. 

If the vegetation cover is sufficiently dense, its surface practically 
coincides with the "active surface., 11 for vbich an equation of beat balance 
can be derived by the following fonula: 

(118) 

vhere R - is radiation balance, e -evaporation (tl'Bllspiration) 'L _ 
latent beat ot vaporization, A - assimilation, L - expenditur; ot • beat 
for assimilation ~ a CO2 unit of veigbt, p - turbulent beat exchange 
between the &.:.·tive nrtace and atmosphere. 

In equation (llB) tbe heat exchange between the active surface and deeper 
soil l.qers is neglected. Thia negligence, iD the given case, is quite 
allowable, insofar as in the -= season of the year beat excbsnge • in soil 
is considerably smiler than the principal terms ot heat •balance and 
during this season it is possible to select such period.a for c&l~lating 
beat balance, for which heat exchange iD soil equals exactly zero. 

l'ow, let us Point out the :tollcndng significant tact. Three tel'IIS that 
constitute tbe right aide of equation (118) - evaporation, ass:lailatian, ::=:!~nt beat exchange - depend OD dit:tu■ion processes of analogous 

In plant tranapiratiOn water TBpor diffuses from the moist wall■ of the 
parencbyma to the outer surface of the leat through the intercellula.r 
space and stomata, and its concentration changes :from 1 q. (average concen
tration in tbe air on the surface of the parenceyma) to q, (average con
centration on the outer surface of tbe leaf) • 

Tbe speed of evapcration will be: 

E=pD'(tf,-q,), (119) 

where D' - is the effective coefficient of diftuaion for water vapor on 
its vay from the aurtace .?f the parencb,)'ma to the outer surtace of tbe 
leef. Obviously, value D', vill depend on tbe 110rphology of the leaf ( the 
number and size of stomta, the thickness ot the leat, density ot cuti
cular tieeue, etc.). 

The second atage of water vapor ~_iffuaion is associated with the change 
ot water vapor concentration fl"Oll / q0 ( on the lee:t surface) to q - con
centration in a free air stream~ Jlor this stage the tollmring equation 
can be dertved: e = pD" (q, _ q), ( 120) , 

where D" - is the coefficient of external diffusion which depends mainly 
on the intensity of turbulent exchange. 

Elimine.ting q, from equations (ll9) and (l2O) we obtain: 
. -•~-n___ ---
E-~. (121) 

w+D' 
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The diffusion of gaseous carbon· dioxide, from the free air flux to the 
absorbing surtece of the parencbynla cells inside the leaf', can also be 
divided into two stages. 

The speed of diffusion (which is equal to the speed ot assimilation) 
will be equal, on one hand, to.: 

A=rD;(c0 -c1), (122) 

vbere D/ - is the effective coefficient of carbon dioxide diffusion 
through the intercells end stoma.ta, from the outer surface of the leef,to 
the surtace of the parenchyma. c0 - the average concentration of carbon 
dioxide in the air on the outer surface of the leaf, c1 - the average 
concentration of carbon dioxide in the air on the surface of tbe perenchyma 
•cells. 

On the other hand, the speed of assimilation is equal to: 

A =rD;(c-c0), (123) 

where c -is the concentration of ca.rbon dioxide in the free air, IJ/1 - a 
value analogous to , iY'. 

FrOll (122) and (123) can be concluded that: 

A= \(c-c:) 

n;+~ 
(124) 

The relationship betveen the speed or· assimilation and the speed of 
evaporation according to ( 121) and ( 124) will be: 

(125) 

here, it is 1.mpartant to point out that the coefficient of proportionality 

may change within comparatively narrow limits only. Since the process of 
water vapor and carbon dioxide diffusion bet"W'een the outer surface of the 
leB.f end the free air flux is determined by turbulent mixing, it is 
obvious that coefficients D" and D/'have approximately equal values. It 
is only natural to suppose that water vapor and carbon dioxide diffusion 
from the wall~ of the parencbyma to the outer surface of the leaf has a 
molecular character and, in this case, the ratio D/ must be equal to the 

D' 
ratio of the molecular diffusion coefficient of carbon dioxide in the air 
to the molecular diffusion coefficient of water vapor in the air, i.e., . 
approximately 0.64. 

Considering this, it may be concluded that, depending on the relation
ship of values D' and D" , coefficient ci can only change from o.64 to 
1.00, approaching value l when the outer diffusion is of greater signifi
cance (a thin leaf with numerous open stoma.ta), end decreas~ to 0.64 when 
internal diffusion plays the leading role ( a thick leaf with poor ventila
tion). Should we accept the well-knmro conclusions that under average 

conditions the rate of evaparation from the leaf is about half as great as 
the rate of evaporation from the leveled moist surface, it would be easy to 
determine that coefficient a is approximately 0.8. 

Thus 1 considering that the rate of evaporation from the moist surface is 

and when: 

we obtain: 
a=0,78. 

Noting that the turbulent exchange betveen the active surface and the 
atmosphere will be equal. to: 

P-pD"c, (bw----'b), (126) 

where cP - is the heat cape.city of the air, fJ - air temperature, a. - te•-
perature of the active surface, i.e., of the lea.ves, ve derive from (118), 
(121), (124), (126) the !or!llllA for the speed o! assimilation: 

where: 

A- R(c-ci) 

- {-(qs-q)+l(c-c1J+b(8u,-6)' 
(127) 

From formula (127) it can be concluded that the re.te ot assimilation 
depends substantially upon the difference in carbon dioxide concentration 
between the free atmosphere and the ps.rencbyma I s surface (c- Ci), becoming 
larger with the increase of this difference. In&ofar as the concentration 
of carbon dioxide in the free air flux is more or less constant, it is 
obvious that the ra"te of assimilation will increase vith a decreasing 
value of c1 1 i.e., vith stronger absorption of C"2 by protoplasm. 

In thiscase, when "physiological absorption" occurs at a considerable 
speed and the general rate of assimilation is limited not by phyl!!_ological 
processes 1 but by the diffusive supply of carbon dioxide, value c1 must be 
mu.ch smaller than ·c (c1 <Cc) , and the assimilation formula will be trans
formed into: 

(128) 

By using formula ( 128) ve can theoretically determine how much of the 
solar energy could be utilized by vegetation under most effective utiliza
tion conditions of carbon dioxide from the air. 

Considering that c is, on the average, equal to 0,46 • 10-3 gr for l 
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gr of air, L = 6oo cal/gr, a'.=o·.,a, t = 2500 cal/gr, b = 0,62 cal/gr/degree, 
we find thet: 

lA= 770(q3 ~q)+1i~~0,62{11w-O) • (! 29 ) 

In calculating energy spent for assimilation by formula (129) it should 
be remembered that the total expenditure of heat for evaporation and heat 
exchange in the warm season is determined by quantities observed during 
daylight only, since evaporation end heat exchange et night are inconsider
able,· due to the "ventil effect." Therefore, values (qs-q) and (81'11'-8) in 
f'ormule (129) 11Ust be taken as averages for daylight hours. 

There are reasons to assume that under optimal. conditions for photosyn
thesis, when c1 «::c, the parencbyma 's aurtace is sufficiently moist, and 
consequently 7{; approaches the value of the concentration of saturated 
water vapor at the leaf temperature (or, more correctly, the difference 
betveen q and the concentration of seturated water vapor must be much 
smaller than vapor pressure deficit in summer during daylight hours, com
puted et leaf temperature). 

Mean daylight hour differences in temperature between the leaves end 
air in summer, at temperate latitudes, ere on the order of 5°c, fluctuating 
in some cases to rather wide l.imits. Assuming that the mean relative 
humidity, during daylight hours in summer.._ is about 5~ and air temperature 
about 20°c, we find that the val.ues of qs = 2.0 • 10 (at a leaf tempera
ture of 25°) and q = 0.1 • 10-2 . Using these values in formula (129) we 
determine that 'IA = 0.08R, which means that expenditure of energy for 
a.ssimilation under average clim.tic conditions in temperate latitudes may 
reach 8~ of the radiation balance. _ 

From available data it could be found that, for the major portion of 
the European USSR, the radiation balance for summer is 55-6~ of the in
coming total radiation for this season. l3y 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, 
•Y utilize approximately 51, of the incoming solar radiation. This evalu
ation, obteined theoretically, agrees very well with the average empir~cal 
data on the "efficiency factor" of photosynthesis under favorabl.e condi-
tions. • 

However, actual available date shows t~t such comparatively high co
efficients of soler energy util.ization are observed only in indiviJual 
cases, whereas the average rel.etionship of energy spent for photosynthesis 
of natural vegetation and incoming solar energy is usually on the grder of 
0.5\(. 

on these grounds we may conclude that, under average conditions the re
lationship c1<C-C is not fulf'illed and in the majority of cases the dif
ference does not exceed 1~ of value • c • 

In other words, the comparison of the anal.yzed theoretical scheme of dif -
fusion with actual data permits us to establish the fact that natural vege
tation utilizes, as a rnle, only a small portion (approxilllately 10'1i) of,, the 
possible diffusion flux of CO2 and therefore, the content of carbon dioxide 
in the air does not, as a rul.e, limit the production of biomass. 
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It may be noted here that this conclusion complies vecy well with results 
of many experiments made by V .N. Liubimenko and other authors, who estab
lished, on the basis of physiological investigations, 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. condi tioos, the production of dry matter is limited not so Dn.lCb 
by the low content of CO2 in the atmosphere, as by the inadequate tempo in 
the work of enzymatic mechanis~-+ which governs the flux of the assimilates 
and their adaption," (1935 /J.6'j/) 

Tbe 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 uneconomical way, i.e., why observed values 
of the transpiration productiveness are so small. 

If we insert in formula (125) the average estimates of qs M.d ,q which 
were found during swmrer daylight hours, and we assume that, according to 
the obtained resul.ts,'.c-c1I= 0.lc then, the ratio 4,- 'W'l.11 become approxi
mately equs.l to l/36o, This means that, for assimilating l gram of carbon 
dioxide the plant. loses by transpiration, on the average, approxime.tely 36o 
grams of vater. ,A 

vit~tt:~0;!~~t~~i:~ !~!;an8;;~~:~~o!~ io51~t~a!°: :~!U:~0~~~ ~:ctly 
value is of the same order. • 

Thus, the estimate obtained gives a theoretical explanation of the ob
served orders of transpiration product! vi ty values. 

Formula ( 125) also explains the substantial dependence of transpiration 
productivity on vapor pressure deficit. This dependence llB.S often pointed 
out by several exper1mentators who observed a considerable decrease in 
productivity of transpi~ation with a decrease in vapor pressure deficit, 
which occurred in greenhouses and also when passing from dryer climates to 
more humid ones (Maksimov, 1926 /J.6'fl and others l. 

The main conclusion, based upon all that has been said above, can be 
formulated in the following way: 

Natural vegetation utilizes only a very small. 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 natural. vegetation is limited by the carbon dioxide con
tent in the air is, as a rule erroneous, since the obtained formulae proved 
that, in the case of complete utilization of atmospheric carbon dioxide, 

10) The productiveness of transpiration accounts for the augmentation of 
dry matter which increases somewhat in comparison with the assimilation of 
carbon dioxide, due to utilization of water and 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 also when 
some portions of leaves and roots die away. 
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incoming solar energy (which' in of 
p1antB can utilize not le)ss t~un~!ro!his condi'tion the producti;:.:::ath 
fact, is rarel:y observed ~an ot to some thousandth, but to some 
transpiration must be eq) n ua.1. conditions 
( vhich ~6 n:e~~b:~=-~tion of natura1 veget~ti~~e U:1:r ~~tis obvious that 

is !~~o l~ted by the car~n ~~~~1~:c~~~!e!:1,;~ are, ac~ording to termino-
this limit is determined y o nat minimum• u ious 

lo~t=~n!n tt~!~~!o~~~ioprrent of bio!~:i~f~~~~e~:~:0!~ :ch limit 
:tura.1. zones it is very essential to know 

~~ prf~~ti~n ~ ~!~~~tea that the heat !~=~~~~ ~~e P:~~~~~~~0:)~e 
fac!n ( and the relationship ot ~h;s q:~:n:e fev essentia1 cbaracteris11~~;~ 
of a determining significance o In iu,restigating the corre a; 

. s1-""ogeographice.l. processes. :tural. vegetation the good 
ext:~~ti!;" fa~tors with the productiveness b~:e and precipitation with 
~eement in the distribUtion of redia::~ was established earlier, is of 
the boundaries of geobotanical zo~:, tbe existence of high correlations 
particular 1mp0rtance. This reve lo nt conditions• 
between radia.tion balance and P1:_i ~~: b~ce of the land surface on 

A consider&ble influence of r a d by two more facts• 
vegetation cond1 tions can :i c~:~!~I~!: in radiation balance at tempe1~~!: 

The ce.J.cu.l.a.tions of ann d that in climates with a 
latitudes ;rere given in § U. They ~=ce for tbe yea:r and for the grow
growing season, v:aJ.ues of radiation In other words, it was established 
ing season are approximately ef8'1'th period with positive radiation bal.
tbat vegetation only grO'W'S d~ing r~od in which positive radiation bale.nee 
ance minus that portion of t s J:.n f the year's coldest months.· 
c~nsates negative radiation b wel~ew~th tbe second deduction which ma::, 

Thia conclusion complies ve~ first one, resu1ting from the general 
be independently derived from iation balance. 
allalysis of availabl.e data on rad balance calculations indicates that for 

The existing data on radiation n of a short natural life, annual. 
sites or regions with a pl.ant cov~~i.v:v(1Dcluding calcu1ations for the 
sums of radiation bal.ance are pos i ) Negat-ive annual sums were only 
tundras of Eurasia and North J,;Jrer ~a • vegetation is scarce or there is none 
found in high Arctic iatitudes, "" re 
at aJ.J.. d also taking into account the obvious 

According to these conclusions, en . :t the level of the active surface 
significance of radiation energy ~~~ ~s only natural. to consider the 
tor transpiration and photosyntbes s, urface as the "base of energy" for the 
radiation bsJ.ance of the underlying s 
production of natural vegetation.. 1 ve vill analyze changes in pro-

Following the idea by A.A. ;r~~~ :v ~ertain "bas.e of energy" of pbysi
{'.uctiveness ot vegetation ere :t various correlations between this base and 
cogeographical processes { a :t fixed radiation balance of the under
amounts ot precipitation i.e;, v:.i.u:s of .B.) • 
lying surface snd with vari~ :first dete~~ the dependence of the amount 

For this purpose, we mus 
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of evaporation upon parameter {!;. at a given R • This dependence, found 
through the 11 relation equation, 11 is presented in graphic form in fig. 6o 
(the curves are for radiation balance val.ues from 10 to 8o kg-caJ./cin2-/ 
year). Annual amounts of transpiration must be somewhat small.er than 
annual amounts of evaporation, however, experimental data have shown that 
for a closed vegetation cover transpiration constitutes the ma.in portion of 
evaporation ( it must be remembered that annual evaporation is determined 
almost entirely by amounts observed during the warm season of the yeax). 

Thus, the dependence of transpiration on the parameter R is basically 
Lr 

similar to the dependence of sunnnarized 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 vapor pressure deficit of 
the air and decrease with the increase of deficits. In this case the pro
ductiveness of transpiration would be a. monotonous decreasing function of 
parameter -~ , since with the increase in this parameter the dryness of 

fr 

climate and vapor pressure deficits of the air increase during deylight 
hours. R 

Since, with a decreasing parameter L , at a complete utilization of 
carbon dioxide, there must be an increa~e in the sums of' transpiration and 
productiveness of transpiration, it is obvious tha.t, under such conditions 
the productiveness of biomass will grow rapidly with the diminishing value 
of !i , and the highest production level will be reached at the lowest 

Lr 

possible value of fr . 
In other words, a pl~t cover that fully utilizes the caxbon dioxide 

diffusion at a given radiation balance will increase the production with 
increasing precipitation. 

Should the plants, under actual conditions,fully utilize the carbon 
dioxide, then, this deduction would contradict the conception of A.A. 
Grigor'ev concerning the existence of some optinru.m in the iDterrelations 
between the thermal energy base and precipitation, at which the productive
ness of plants is at its rnaxinn.un. 

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 plant cover on climatic factors. 

In order to investigate ad.di tional conditions which limit the energy of 
photosynthesis and prevent the plant from utilizing the carbon dioxide of 
the air to the full extent 1 attention must be drawn to results of well
known experiments which tested the effect of ~oil moisture on crop yields 
and on transpiration productiveness of vaxious cultivated crops. 

The dependency of the transpiration productiveness on soil moisture, 
which was derived by Helrigel and corroborated by results obtained by other 
investigators working with various plants show that, under actual condi .. 
tions there is an optimum of soil moisture for the transpiration pro
ducti.;,eness, and going above or below tbi's optimum level the productiveness 
of transpiration drops rapidly. 
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The decrease in the prod ti 
is explained b the i o u~ . on of transpiration at a low soil moisture 
surfaces vhen !he inc~!=ib1.:i!y of 1 developin(g sufficient assimilating 
subst8llce for breathing doe~is t ure s scarce because the expenditure of 
production) and by some othe no com_ply with the low J.evel of assimilation 
tiveness with excessive soil r ~~:!~~=- is A r:rr low. transpiration produc-
of unfavorable conditions for the d l , he first place, a consequence 
is starved for oxygen in poorly aer:;;d 0=~: of plant roots when the plant 

There are many reasons to assume that 
ness of transpiration are also b d . analogous changes in productive-
physicogeographical zones under o d::rveifi,ndnatural vegetation at various 

era e moistening conditions. 

[,cm/year 
'50 

Figure 6o 

Rel~tionship of evaporation vith the radiational index f d 
and radiation balance, o ryness 

It should be noted., above all that . 
good agreement between mean patt;rns ava71able factual dat& have shown 
varm period ,Ef ~he year and the boun~!i:~1~ moisture ~istribution for the 
of B. V. Poliakov., 194.6 /I8?7· date. . geographical ;,pnes ( see maps 
and others)., which in tUrn-c~in 'd given by G.S: ZHegnevslmia., 1954 F997 

ci e very well with the distribution Ot-

paramet er f • Due to this 
it can be concluded that factual data, in 

acco:dance with theoretical reasonin s ive 
confirm the existence of the de:pe d g g n in th7 mentioned investigation4 
on perameter .!!... • n ency of soil moisture for the warm period 

Lr 

lf average soil moisture decreases re la 
the augmentation of parameter 1r it . gu rly during the warm season with 

r;. ' 16 easy to establish that in t~ 

region of comparatively large values of para.meter {J- the productiveness of 

plants dlminished rapidly with the increase of the ratio {!;: Indeed, the 

production of natural vegetation is equal 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 en 

increasing index of dryness .f} , all three of these values must diminish: 

evaporation - according to the "relation equation" ( see fig. 6o), the re
lationship of transpiration and evaporation - resulting from the vegetation 
cover discontinuance and emergence of be.re soil spots, transpiration pro
ductiveness - due to t"im"- .1:apid 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 xeropeytes). 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 zones (Larin, 1936 /158], 
and others). , - -

In regions with snaller values of the ratio {; , 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 transpiration productiveness will take place simulteneousl.y. 

Under excessive moistening conditions an additional increase in soil 
moisture must be necessarily associated with a deterioration of soil 
aeration, Le., with a smaller supply of oxygen to plant roots. .At the 
same tine, a decreasing aeration and excessive moisture in soil bring about 
some serious changes in soil formation processes, among which the most vital 
for plant development is the veakening of the activity of nitrogen bacteria. 

As e 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 ..B.. the general pro

Lr 

ductiveness of plants also diminishes ( though not so drastic as the tran
spiration productiveness). 

Thus, the ne.turel vegetation productiveness, in full accordance with 
the statement by A.A. Grigor•ev., reaches a relative maxilllUm et some optimal 
interrelationship of the energy base end precipitation (i.e., at some opti-

mal value of {!; ) , and decreases 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 vhich illustrate-s changes in the 
natural vegetation conditions vith various values of parameter -{-; and with 
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a more or less constant value ot • R . 
If we examine the latitudinal zone between 48° and 49°N over Eastern 

Europe, from 52°E westward to 25°E, we 'Will be able to observe variations 
in landscape associated with corresponding changes in parameter fr from 

3,35 to 0,75, at an approximately constant radiation balance value. ll) 

The effect of further decrease in parameter ,{; on vegetation cannot be 

observed in Europe (westward from 25°E1 there are mountainous regions be
tween 48° --49°N); for this purpose data for Horth America could be used. 
Exe.mining the same latitudinal zone from lo6°W eastward to the eastern coast 
of Newfoundland, it can be observed that the radiation balance will be some .. 
what less than in Europe, however, the difference will be comparatively 
smell .. 

The general variation of parameter fr , along 48° -49°N from 106° to 

53'W corresponds to the range of values from l. 70 to approximtely 0.30. 

The longitudiaal distribution of relationship {, is presented in fig.61. 

Semi- Steppe Forest 
esert. ,00 90 80 ""lo 

50 40 30 20E 

Figura 61 

....... 

60~4 

Longitude 

Longitudinal distribution of the radiational index of 
dryness. 

ll) Pertaining to moist surface conditions aee § 11. 
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This figure shows: the relationship tor Eastern Eu.rope ( curve 1), for 
the eastern portion of North America ( curve 2), and the boUndaries of geo• 
botanical zones. The scale of the abscissa e.llows us to superimpose the 
curves at their borderline between forest and steppe in Europe and North 
America. 
R Fig. 61 shovs that, moving westward from regions with large values of' 
r; in Eu.rope, vbic'1 pertain to the boundary of deserts and sem1deserts, we 
will pass, with diminishing values of this parameter, through the semides .. 
ert and steppe zones, and observe an augmentation in natural vegetation 
productiveness. Passing from the area with the smallest values of !i. , in 

Lr 

the eastern portion of Newfoundland, and moving towards the west, i.e, 1n 
the direction of the parameter's increase, we will transit from a sparse 
vegetation cover of tundra to forests with a productiveness markedly greater 
than in tundra. 

Evidently, in both of these extreme cases; with very ineufficient mois
ture in the extreme eastern portion of Europe and with considerable excess 
moisture on the eastern coast of Newfoundland, productiveness of natural 
vegetation is very much lower than that in the steppe, wooded steppe and 
forest., which pertain to average values of parameter fJ . 

In the three indicated areas productiveness changes l~ss rapidly, and it 
is somewhat difficult to detect the accurate position of maximum productive
ness from the existing factual data, which are rather scarce 12). 

However, there is no doubt concerning the tact that due to diminishing 
productiveness with a decrease of the small, and increase of the large 

values of ,f; such a ~imwn, according to the statement by A.A Grigor•ev, 

actually exists. 
In the above cited papers of A.A. Grigor•ev it was noted tbat, vegeta

tion productiveness becomes greater with en augmentation of the heat energy 
base, if the relationship of the energy base and precipitation remains at 
the optimum. In this case, with the highest possible value of the energy 
base, en absolute maximum of productiveness is attained. 

In interpreting the heat energy base conception as the radiation balance 
of the underlying surface for the year, we will give an analysis of this 
statement by .examining the natural vegetation productiveness at a specific 
va1ue of R ., which will be close to the optimum value, but with variable 

Lr 
values of R . 

The available factual date indicated that under conditions of sufficient 
precipitation the characteristics of soil moistening, and vapor pressure 

12) It is conceivable that the maximum of natural vegetation production is 
found not in the steppe zone. According to data given by C1ements end 
Wever (Jenny 1941) the production of dry matter in virgin steppe of North 
America increases markedly from west to east, folloving the increase 1n 
precipitation. 
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deficit of the a.ir, change only· sl.igbtly with the transition from temperate 
to tropical latitudes (average summer conditions of the forest zone in 
temperate latitudes under humid tropical forest conditions). 

At the same time, further southward, the- influence of lov temperatures, 
which prevent vegetation or decrease the intensity of photosynthesis, be
comes smaller and smaller, and the vegetation period increases. Due to the 
influence of these factors, the transpiration productiveness in areas with 
a considerable radiation balance and sufficient amount of precipitation mu.st 
be, at any rate, not less than in areas vith an inconsiderable radiation 
balance. 

Since the increase in radiation balance under moist climate conditions 
results in rapid augmentation of total evaporation, and consequently in a 
Qtronger transpiration (see fig. 60), it is evident that at the sere order 
of magnitude of transpiration productiveness the natural vegegation produc
tion will substantially increase with the intensive radiation bal.a.nce if 
the precipitation amount is sufficient. 

These conclusions are corroborated by the computation results given by 
Fegeler (1935), who determined that the annual production of fresh organic 
matter in a humid tropical forest reached a very high level: 100-200 ton/ 
ha. 

This value exceeds, s.t least several times, the productiveness of forests 
in temperate latidues ( see the sui:nmary of factual data in Jenny's book, 
1941). 

The available data also corroborate the decrease in natural vegetation 
productiveness with the deviation of value !i. in any direction from the 
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optimum value, under conditions of large values of R , 1.e., in the tropi-
cal area. • 

Fageler noted that 1with diminishing precipitation,which is related to 
the transition from humid tropical forest conditions to monsoon forests and 
savanna, the plant productiveness drops dew to 50-30 ton/ha per year. At 
the same time, under condit-ions of excessive moistening in tropical regions 
(swamps), the production of organic matter is also relatively small. 

The question concerning variations in productiveness of natural vegeta
tion that accompany changes in the radiation balance, when the relationship 
fr has a definite value markedly differing from the optimum, is not so 

clear. Such en example would correspond, for instance, to a comparison 
betveen the steppe of temperate lati.tudes with the steppe of the tropieel 
zone. 

Under conditions of insufficient moistening the augmentation of radiation 
balance could be associated with lower transpiration productiveness (because 
of a higher vapor pressure deficit end other reasons). This may curtail, 
to a considerable degree, those amounts of vegetation production which 
woul.d have been secured by increased evaporation under conditions of a 
constant transpiration rate. 

The above cited data corroborai.e the close relationship between condi
tions of natural vegetation development, as well as its productiveness, and 
climatic energy factors. 
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It is conceivable that analogous correlations also exist tor such natural 
processes as soil formation end exogenous geomorphological developments .. 

The soil formation conditions are determined, to a considerable degree, 
by the vegetation productiveness end the intensity of the vertical moisture 
movement in the upper soil layers. The latter value depends directly on 
the intensity of runoff, which in turn, is correlated with Climatic energy 
factors. 

This provides us with reasons to assume that between the qu8lltitative 
indices of the balance of organic and mineral substances in soil, and heat 
balance conditions,there are definite qualitative relations. 

The intensity of exogenous geomorphological process, which 1s character ... 
ized by the magni~de of the e!:_osion coefficient is, according to data 
given by B.V. Polie.kov (1946 Li81J), correlated with soil. zone.lity. Inso
far as soil zonality 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 climatic 
factor. Thus, climatic energy factors exert a deep and decisive influence 
on the level of a.11 natural processes in the outer geographical sphere. 
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Heat balance and me,teorological effectiveness of ameliorative 
measures 

Among various problems of physical geography 1 'W'hich ere no"W" analyzed by 
means of an extensive use of date on heat energy balance, the problem of a 
quantitative estimate of the transfonnation of natural conditions by melio
ration should be specifically emphasized. In a series of investigations, 
that were carried out in recent years, the hydrometeorological effectiveness 
of amelioration measures was calculated from date on heat balance components; 
this "W"Bs done for areas of insufficient moistening and regions with a sur
plus of moisture. 

The results obteiced by these investigations were utilized by the hydro
meteorological service for melioration 'W'Orka iD various regions of the 
Soviet Union. 

Computed dl.lta and measured values of beat bslence components "W"ere suc
cessfully used in analyzing the hydrometeorological effect of amelioration, 
which confirms the practical value of the results of recent heat balance 
investigations. 

In this chapter, two problems associated with an estimation of heat bal
ance for the purpose of studying the melioration effect will be interpreted. 
The first problem concerns the field protective forest groving, the second
the a.pplication of irrigation ic regions of dry climate. 

§ 13. Field protective forest gro"W"ing 

At present, it is lmown that the main effect exerted by field protP.ctive 
forest shelterbelts on the meteorological regime in the air layer near the 
ground is their "W"ind protective action. 

The protective forest belts diminish "W"ind speed over protected fields and 
reduce the intensity of the vertical turbulent air movement in the lovest 
air layer. The latter fact 'WBS first discovered and studied in detail by 
Soviet scientists (l.Udin, 1950 /2447 and others), end constitutes a very 
important feature in the general lllechanism of the forest belts' influence on 
the meteorological regime, 

The "W"eekening of the vertical turbulent movement in the lo"W"er air layer 
( up to a height of several meters), "W"hich is observed on protected fields, 
is explained by the fact that the forest belt breaks up and destroya air 
vortexes which move near the ground surface of open land. Therefore, the 
air 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 "W"ill only take place in forest 
bel.ta which can be easily penetrated, and where the air flo'W" can blow 

t 
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i 
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through rather freely. A dense, impenetrable forest belt affects air flo'W" 
in a different "W"ay. A nerro'W" calm zone was observed behind such a bel.t, 
but farther away the wind speed increased rapidly again and reached al.most 
the rate that 'W'Bs observed in the open steppe. In this case ,no decrease in 
the size of air vortexes 'WBS observed in the air layer near the ground. 

These phenomena ere explained by the feet that, the air flux that 
approaches an impenetrable forest belt usually rises some"W"ha.t, flows over 
the top of it, then immediately descends on the other side end quickly 
restores its initial structure, 

The reduction of intensity of vorticity in the lower layer of the air 
over protected fields is of greet practical i!llportance. Recent meteorologi
cal investigations shov that vertical movements directly affect the develop
ment of meteorological ph~nomene: blowing avay snov from fields during the 
colder season, end causing the occurrence of dust storms during the wrmer 
period. 

The reduction of intensity of vertical movements ( turbulent exchange) in 
the proximity of the ground surface is of great importance in eliminating 
or weakening dust storms and 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), as well as many other 
meteorological factors, depends on the intensity of the turbulent exchange 
in the air layer near the ground. 

All this indicates the need for a quantitative estimate of the effect of 
forest belts on turbulent exchange, in order to determine the bydrometeoro
logical effectiveness of ·various constructions of protective forest belts. 

Ho"W"ever, 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 
excha~ge by using conventional methods, which are based on the genera.lized 
theory of Prandtl (see § 4). 

The attempts to utilize various indirect methods (esti..ma.ting changes in 
wind speed, etc.) for determining variations of the exchange coefficient in 
between the forest belts did not bring satisfactory results. 

At :µresent, the most ;opular methods for estimating the effect of forest 
belts on the intensity of turbulenJ; exchange ere those suggested ~y M.I. 
fudin and the author (Budyko and IUdin, 1951, 1952 {62 & 6lf) 1 which ere 
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 formula for the speed of 

evaporation: 
(130) 

vb.ere , q
1 

, and q
2 

_ are specific moistures at levels z1 ~nd z~. 
For the turbulent flux of heat P, as has been mentioned before, the 

following formula can be written: 



The turbulent heat exchange is determined by an eq1.1ation similar to formula 
(130): 

(131) 

Where 61 , and 8, - are temperatures at levels Z1 and Z2, 

From these equations we can derive the following relationship: 

(132) 

The coefficient of external diffusion D could be experimentally deter
mined by using formul.a (132) with measurements of evaporation, difference 
in temperature and humidity between two levels and difference in temperature 
between the underlying surface and air. 

Tbe application of formula (l.32) is possible for places located at some 
distance from the sbelterbelt, since immediately behind the belt vertical 
streams of heat end moisture cbenge considerably with beigb.t, and therefore 
equations (130) and (131) can not be fulfilled. Experimental data showed 
that the height of the quasi-stationary sublayer, inside of which relative 
changes of streams in a vertical direction are small, 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 gradients of temperature end humidity on the protec
ted field should correspond to the indicated regularity. 

In studies of the meteorological effect of forest shelterbelts, parallel 
observations are usually carried out in the protected field and open steppe. 
This is usually done for the purpose of determining the ratio D' 1 where 

7'i 
is the coefficien~9f external diffusion on the field between protective /J; 
forest belts, and D - the coefficient for the open field. 

This relationship could be determined by formula: 

D' 
D 

E' (q, -q2) (a; - a;)(Ow -8) 

E(q;-q;)(0,-0,)(0~-0')' ( 133) 

where all values with prime marks pertain to meteorlogical elements on the 
protected field~ 

It should be noted that these methods for determining changes in the 
intensity of turbulent exchange are applicable for cases with relatively 
small vertical gradients of temperature and humidity in the air layer near 
the ground. 

In calculating average cb.enges of turbulent exchange for a long period 
another approximation method could be used. This method is based on use ~f 
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heat balance equations. 
These equations could be wr!.tt.en in the form of (see_§ll.): 

R0 -4sob\bw -6) =LE+pcPD (8w-Ol+A ) 
R;- 4s',8 3(0~- B') = LE' +PcpD' (8~-0')+A' ( 13_4) 

where the velues with prime marks pertain to protected field conditions. 
For a sufficiently long period of time, and for more or less homogeneous 

surface and relief conditions in the open field and in the field inside e 
square between protective shelterbelts, the differences _R~-R~,, L(E-E') 
and A -A' will be small in comparison with terms pc PD (8"" - a)andpcPD' (6.;..- 81). 

Subtracting one equation from the other end neglecting "tbe small difference$ 
we obtain the relationship: 

!!._= tlw-0 - 4satl3(1 - Ow -ti) 
D o;,,-o, pcPD o;,,-o• (135) 

The second term on the right side of this equation is usually consider
ably smller than the first one. This permits e substitution of coefficient 

::"~ by its mean value, which will be equal to about 1/4 for daylight hours 
p 

of the warmer ~eeson. In this case, the last formula could be used in the 
following form: 

(136) 

Equations (133), (135) and (136) have been uaed in calculations of 
meteorological effectiveness of various kinds of forest belts (Budyko, 
Drozdov and others, 1952 /567; Romanova, 1954 /f.967; and others). Results 
of these calculations confirined the above cited cOnclusion concerning the 
great importance of a penetrable structure of shelterbelts for obtaining 
a decrease in the intensity of turbulent exchange. 

The investigations have shown that behind an easily permeable shelter
belt the intensity of turbulent exchange 1s reduced to the greatest degree 
at some distance from the shel.terbelt, usually this distance is from 5 to 
B H (i.e., from 5 to 8 times the height of belt H ). At greater distances 
from the belt, the air stream flowing over the shelterbelt gradually de
scends and mixes with the lower layers of the atmosphere. Consequently, 
the turbulent exchange gradually increases and at a distance of about 30H 
it reaches an intensity, which is approximately equal to th.at observed in 
open fields. 

Behind a not easily permeable belt, the zone of wea.k turbulent exchange 
appeared to be considere.bly smaller, and it was often observed that, at e. 
distance of 10-15h from the shelterbelt, the turbulent exchange did not de
crease, but was even somewhat more intense. 

Calculations of M.I. iudin and otber authors, using the method outlined 
above, showed that for shelterbelts of a most permeabl.e and effective con
struction, the coefficient of turbulent exchange in the lower air layer de
creased, on the average, by 30-3~ et a distance reaching up to 10 H from 
the shelterbel.t. 



These calculations have led us to the conclusion tbat, the mean decrease 
of the coefficient of exchange in tbe large squares between the shelterbelts, 
approximating an area of lOOha, vill be equal to 10-2~, dependent on the 

_ height of the trees of the shelterbelt. For the small squares, 20-30ha, the 
decrease of the exchange will reach 25-3o;(.. 

Quantitative data, obtained in this manner, showed an increase of the 
coefficient of external diffusion D on sheltered fields, and permitted a 
calculation of the effect of shelterbelts on possible evaporation( evapora
bility). For this purpcse we have used the complex method, outlined above 
(see§ 11), which is based on data of the beat balance on the earth's sur
face. 

The principle formu.les of this method, when neglecting the heat exchange 
in soil, will be: 

E0 =pD(q,-q) } 
R,-4so6' (6w-6)-LpD(q,-q)+pc,D (6.-6) (t3T) 

It should be re.membered that by applying the second of these equations 
and using the well-known physica1 relationship between a .. and qs , ve can 
find value 9s , and then, by using the first formula, determine the evap
oration. 

Here the value of evaporation is a function of the four principal mete
orol.og~cal factors: radiation balance, vhich is computed from air tempera
ture Ro ; air temperature 9 ; humidity q ; and the ccefficient of external 
diffus1on D • 

By using equation (137) it is not difficult to investigate the nature of 
the relationships associating the value of possible evaporation with the 
factors cited above. 

The dependence of the heat all'IOUnt, that would be lost for the potentially 
possible evepcration LE0 , on radiation balance is presented in fig. 62. It 
is appa.rent that this value - the amount of heat lost for potential evapor
ation - is actually proportional to evaporability. Corresponding calcula
tions were accomplished for the mean te111,Perature and humidity of the air in 
spring (from March 15 - May 15), summer (from May 15 - August 15) and autumn 
(from Aug11st 15 to October 15) for the central Ukreine and western part of 
the North Caucasus (l!udyko, 1951a Lfi57), 

The changes of values LE0, as depeii'd.ent on values of Ro are shown in fig. 
62 by curves marked l, which are almost straight lines, and the actual 
values ot Ro are shown by dots. They pertain to certain regions and 
see sons. 

The distribution of dots in relation to line 2, which is the line showing 
the coinciding values of ££0 end Ro , indicates that in spring, the amount 

of potential evaporation is somewhat smal.ler than !p. , in summer it almost 

reaches value !f4 , and in the autumn it exceeds this value slightly. The 

sum of evaporability for all three seasons totals, 1n both cases, approxi-

nmtel.y 901, ai value 1p- . 
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Figure 62 

Relationship of heat expenditure for possible evaparation LE0 
l.n ',qr,-cal/~/month with the radiation balance Ro in ',qr,-cal/c.i!/m,,nth, 

It can be deduced, from fig. 62,tha.t with e variable radiation balance, 
the expenditure of heat for potentially possible evaporation could be larger 
than the radiation balance ( curve 1 rising above line 2) and smaller than 
its value ( curve 1 below line 2). Since, vhen the value of LE0 1s larger 
then Ro , in t.he air layer near the ground, a temperature inversion takes 
place' ( tbe evaporating surface receives additional heat by turbulent ex
change), and with a converse relationship, th.ere will be a superadiabatic 
gradient in the air layer near the ground. It is obvious that the changes 
of values Ro will affect a change in the turbulent exchange, i.e., in 
value D . 

There are many reasons to assume tbst et R0 "';:;p,LE0 the actual. values of 
D , over an adequatel.y large evaporation surface, will be larger 1,ban the 
value pertaining to average conditions of the equilibrium state of the lower 
layer, and at R0 <t;:."LE0 the val.ues of D will be considerabl.y below the 
average. This is effected by the ventil mecben'i.sm of turbulent hea.t con
ductivity in the air layer near the ground. 

As a result of this, portions of curve J., on the graph., which are located 
higher than line 2, must fall J.ower when approaching line 2 (but of course, 
can not sink below it) , whereas the portions of curve 1, which are located 
below line 2, mst rise correspon~. 

Thus, the actual dependence of LE0 on Ro :mu.st be characterized by some 
curve located between lines l end 2 in fig. 62. This dependency, in a 
large interval of Ro , will differ only slightly from the approximate 
equality of L£0 to values of R0 , which confirms the conclusion made 1n 
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chapter rl, concerning the determining significance of the radiation ba1ance 
value for potential evaPoration. 

A close relationship of evaporability end radiation balance can also be 
seen from fig. 63, which presents the annual march of values E0 end !~ for 

the -w.rmer season in the Northern Caucasus (calculations made for the Cen
tral Ukraine give very similar results). This figure shows that the forms 
of the curves of the annual march of £ 0 end ~ are exceedingly similar, 

the only difference being the shifting in time, which results from the feet 

that in spring '£0 is somewhat amal.ler tban ~ , and in autumn a little 

larger. By taking into account the effect of the change in stability on 

the coefficient of exchange, the curves of £ 0 and ~, vill be brought 
closer. 

£0 ,!/! cm/oonth ,,,.. - - ~ 
15 / 

/ 
/ ' 10- I 

I ' \ 
I 

5 F:a ,,, 
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/ff IV Y II f','l I'"/ a X 

Figure 63 

Annual variations of evaporability and radiation balance 

The relationship of evapcrabi;t.ity to the mean daylight hours temperature 
of the air, as calculated by the above formulas !'or average conditions of 
air humidity and temper~ture during spring and summer in the Central Uk
raine, is presented in fig. 64- in the form of reclining curves, approaching 
straight lines. Values of ev.aporability that correspond to actually ob
served values of mean temperatures, 1n this case, are marked by dots on the 
curves. . 

The values of evaporability equal to the relationship of Ro to the lat .. 
ent heat of eva:Porability are also shown in fig. 64, in the form of hori
zOnta 1 straight lines; 

If the value of evaporability, determined from fig. 64, turns out to be 
larger than the value of Ro , then an inversion of temperature takes place 

T 
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over a sufficiently large surface; if the value of evaporability is marked-
Ro 

ly smaller than T , then superadiabatic gradients are established• Accor~ 
ingly, 1I1 the first case, the coefficient of turbulent diffusion vill de
crease, vhich in turn will affect a diminu.tion in evaporability, and 1n the 
second case, the coefficient of diffusion will grow, and by so doing in
creasing the evaporability. This will result in a rise of tbe left portions 
of the reclining curves in fig. 64, and in a lowering of the right portions, 
which shows that the actual dependence of evepora.bility on air temperature 
turns out to be considerably weaker than tbose shovn in fig. 64. 

E~i~m/month. 
St.Umner ' 
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0 5 ,o 15 20°0 

Figure 60 

Relationship of evaporability with air temperature 

Thus the effect of the stability on turbulent exchange in the air layer 
near t~ ground changes the dependence of evaporability on radiation bal
ance rendering it very close to a direct proportionality, and the depend
ence' on air temperature turns out to be comparatively veak;vhen air tem
perature varies within relative]:.y wide limits the value of evaporability 
stays approximately equal to & 1) 

L 
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 vi th the close dependence of the sums of temperatures on radiation 
bal.ance, see -§ 11) is quite substantial. 



202 

and the North Caucasus the value of evaporabllity is, on the average, close 

to the value of !J!. even when the effect of stability on the exchange is 

not taken into account. 
The clarification of the problem concerning ·the effect of shelterbelts 

on evaporability requires an establishment of the evaparability relation
ship to the exchange coefficient in the air layer near the ground. 

Three of the four principal factors which exert an effect on evaporabi
lity(R0, fJ, q, D) are only slightly affected by sbelterbelts (radiation bal
ance caiCuiated from air temperature data, air temperature, and humidity), 
but the fourth factor - the coefficient of outer diffusion-is quite remark-
ably changed. -

The dependence of the evaporability values on coefficient D , was cal
culated by equation (137) for average conditions during spring, summer and 
autumn in the Central Ukraine and North Caucasus, and is presented in fig. 
65. 

E0 cm/month a) 
zu>-

b) 

15 

0) 1,0 {5 2,00 0,5 1,0 I.fl 

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 rai.1ge of changes in value D 

the value * ~ only slightly changes during various seasons. Hence, 

ve may conclude that, under diversified conditions with various absolute 
values of 'j; , the influence of a certain decrease in the exchange coeffi
cient on the relative decrease o..!'._ evaporability will be more or less equal 
- about 101i with a decrease of D by 0.1 cm/sec (somewhat more in autumn, 
and a little less in spring and summer). 

By considering the available de.ta on variations of the turbulent ex
cbftnge in the air layer near the ground_, which are effected by forest 
shelterbelts, we can deduce that for large fields (about 100 ba) protected 
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by forest belts, evaporability will 
b7tween the belts, approximatel. 20 decrea~e by 7-1~. For smaller squares 
bili~y_will reach 12_15~. Y -30 ha in size, the decrease in evapora-

Similar calculations of the d . 
f<:rest shelterbelts, have been u=~~ease in evap~rability, as effected by 
tiveness of forest belts of . for evaluating the meteorological effec 
effect of forest belts on i v~.io~s structure, and also for d,etermining the -
tected by forest belts. rr gat on norm.a needed for irrigating fields pro-

Besides reducing evaporabilit h 
snow storage on fields and l y, s elterbelts promote an augmentation in 

The effect of these fact~r:o. s~me increase in the precipitation amount. 
moisture of protected fields. or1ngs about a considerable gain in soil 

For a quantitative evaluation f . 1 
fields, the combined analysi t~ d soi moisture changes in protected 
earth is surface can be appli:d me o of water and beat balances on the 

s·m11 • 
base~ on 8~h~a:~~i~!f~;s c~::~u:!:s ~y the author ( 1950b L'41±_T). They vere 

Let us present the equation of vater balance in this form: 

o -°,;[-=E-r+f, (138) 
where -;f - 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 f / 

to the river runoff w-hich is meas~r O can be assumed as equal 
stations, as well a; the rate of pre e~ ~! !?e network of hydrometeorological. 

( Ja,irect measurement of the two other ~e~~s a o:o~h r "t The possibilit~es for 
ai and E) are limited, end due to this f e wa er balance equation 
l 138), it is desirable tb establish the o;e~!:i~~~po;e t~f solving e~ua.tion 
served hydrometeorological parameters o ese terms with ob-

For this purpose we use the formul~ which shows the relati • 
the speed of e~aporation and soil moisture, w-hich wns derived o~sh§ip5betveen 
bas the following form: n and 

E=Eo-/f;, (139) 

where W,c - is the critical value of soil moisture 
For determining evaporation £0 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 bt . 

the formulas: aw w 1 o ain 
-., -pD(q,-q);;,-r+J I 

(140) 
. Ro=LpD (qs-q) ~ -j-pDcp(6u,.-6)-j-3,6a0 8 (6111 - 6) 

to vhich l.~ added the known physical relationship of qs and /J • determined 
by the empirical formula of Magnus or by tabular date.. "' 

For comparatively small values of mean differences between th t 4 
ture of the underlying surface and the air, the relationship of e (Oem)peral-d 
be presented in the form of: qJ 111 cou 
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Using this relationship and formulas ( 140} after excluding the value 0111 , 

we obtain: (iJq (bl ) 
a - -1a-Ro+ [qs(6)-q] (PCpD+3,6Jl3) 

-i/=J-r+pD: uq(J ,(142) 
" LpD ~7o+PcpD+3,6o03 

which determines soil moisture changes, in the course of time, by means of 
measured hydrmreteorological parameters and some physical parameters. 

Equation (142) can be integrated from the initial conditionsw=w1att= O, 
and assuming r, f, 6, q, Ro , as 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, "7hich can 
be only applied to those cases where the difference between o. - 8 , is not 
too great. As quantitative evaluations have sho'Wll, this condition is not 
always fulfilled. Furthermore,tbis equation is rather cumbersome and in
convenient for numerical calculations. 

Due to this, in practical calculatims of changes in the water balance 
of soil, it is expedient to use another method in solving equation (140). 

In evaluating the errors, it can 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) bye 

definite difference, '\o/ithout causing any reduction in accuracy. Then, si;rd
lar to the manner suggested in § 5, it can be assumed that w _ wi +w~ and 
consequently: 1 --,-, 

w,-w,=2w, pD(q,-q)(w,+w,)-r+f, (143} 

R,=,!, LpD(q,-q)(w, +w,)+(eDc,+3,M')(Ow-8), (144) 

where w1 and W2 - represent soil moisture at the beginning and end of one 
period of time. 

By excluding value Wz, from equations (143) and (144) the value Ow can 
be d.etennined ( by usiog certain data concerning the dependence of q s on o,.. ) . 
Then, from equation {1.43), the value of w1 is found from values of measured 
hydrometeorolcgical parameters and frc.m the initial moisture w 1 • Having 
calculated value w, for the first time iD;terval, it is obviousJ.y possible 
to continue calculations for the next interval ( taking the determined value 
of Wi for the corresponding new value of W1 ) , and in this .ra.y a sufficient 
number of points can be obtained for constructing the curve of soil mois
ture variations for the period 1n question. 

Simultaneously, annue.l variations in evaporation vill be established. 
Samples of such calculations, for some regions of insufficient moisten

ing, are presented in the author's works ( 1950b and others /44-7). 
Utilization of equations (143) and (144) also permits us-tO solve the 

problem of quantitative calculations of the effect exerted by forest 
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sbelterbelts on the soil moisture regime. 
For this purpose, when solving equations (143) and {144), data. of changes 

on protected fields in hydrometeorological parameters should be available. 
These para.meters are: the coefficient of external diffusion D ; precipita
tion r ; runoff j ; temperature 6 ; air humidity q end radiation balance 
Ro , computed from air temperature. 

In evaluating, by equations (143) and (144), the influence of possible 
changes, in the above mentioned factors, on the regime of soil moisture and 
evaporation in shelterbelt regions, it can be established that changes in 
some meteorological elements cannot noticeably affect the soil water bal
ance. Consequently, in the calculations we can use approximate values of 
these changes or ignore them compll!tely. 

The finished calculations shov that, the strongest influence on the soil 
moisture regime and on average conditions o! evaporation in protected fields 
must be exerted by changes in runoff f , by changes of the coefficient of 
external diffusion .D a.nd precipitation r . 

Numerous observations have shown that, on fields between shelterbelts, 
the runoff of snov m<?lt \18.ters is considerably reduced. This reduction is 
mainly explained by different conditions of snow cover distribution, in pro
tected fields, as compared with unprotected ones; on protected fiel.ds be
tveen shelterbelts, the reduction in wind speed and turbulent exchange in • 
the eir layer near the ground creates favorable conditions for a regular 
distribution of snow cover, vhereas, on open fields the larger portion of 
snow is drifted into ravines and other depressions of relief, and after 
melting, the major part is spent for runoff. Furthermore, the higher in
filtration capacity of soil under forest belts assures somewhat greater 
retention of melt waters in protected fiel.ds, as compared with open spaces, 
which also reduce spring·runoff of snow '\o/aters in this region. 

As has been noted above, the coefficient of external diftusion in the air 
layer near the ground, on protected fields, is usually smaller thBD in open 
spaces. This noticeably effects evaporability and evaporation es '\o/ell. 

A definite effect on water balance of soil, in protected tields, can be 
also exerted by changes of precipitation amounts, which are brought about 
by the alteration in the intensity of vertical streruns in the atmosphere 
over forest belts and by differences in evaporation. 

For evaluation of the general effect of changes in indicated hydromete
orological factors on water balance in soil, equations ( 143) aD.d ( 144) can 
be used vhen the values of the coefficient of external 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
tecc.ed fields, a considerable increase in soil moisture takes place, and 
evapora.tion is also somewhat augmented. The increase in soil moisture, 
as analyzed in its e.nnual march, is of a variant nature, according to 
various conditions of turbulent exchange,runoff. end precipitation. 

In the case when, together with a considerable retention of the melt 
.....aters runoff, the shelterbelt system also drastically diminishes the 
turbulent exchange in the summertime and markedly increases precipitation, 
then soil moisture increases not only at the beginning of the growing 
season, but also in its second half. 
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Ro"Wever, in case (as often happens) the effect of the shelterbelts is 
exerted mainly in 8ll increase of snOW' storage end in diminishing spring 
runoff ("the vinter effect"), then, as the solution of equations (143) end 
(144) has show, soil moisture increases only in spring and at the beginning 
of the summer sea son .. 

The augmentation of productive soil moisture in this case may be on the 
order of tenths of per cent of the soil moisture amount absorbed in open 
fields, provided all other conditions are equel. 

These statements are 't.--ell confirmed by observational de.ta. 
A considerable increase in the amount of free moisture in soil, and 

greater general evaporation might contribute to a larger yield of crops 
under average clime.tic conditions. The augmentation of yields vill be 
determined, above ell, by an increase of the productive transpiration of 
pl.ants ( vhich -will else be favored by the lesser exchange and lover wind 
speed in tbe eir layer near the ground). Furthermore, under conditions of 
soil :nxd.sture increase., the relationship between the a.mount of vater spent 
for transpiration end general. evaporation must also be larger and this will 
substsntielJ.y increase the yields of cultivated crops, provided that the 
general evaporation also increases. 

Thus,. application of shelterbelts, even without using other additional 
agrotecbnical :measures, may secure a considerabl.e change in water balance 
of soil and may n:arkedly increase the yields, which, 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 is variable in wide limits, depending on the structure of shel
terbelts and veather and climate conditions. 

The application of data on the heat and energy balance permits us to 
calculate the effect of shelterbelts on such important indices as varia
tions in turbulent exchange, evaporability and soil moisture in protected 
fields. 

§14. Irrigation 

On fields :protected by a shelterbelt system, the components of heat bal
ance change only slightly.. Therefore, the evaluation of meteorological 
ef:fectiveness of sbel.terbelts is based not so much on the estimates of 
changes in heat balance components under melioration conditions, but on 
the absolute values of these comoonents. 

Quite contrary to this, the aPplication of irrigation in en arid clinBte 
results iu consid~reble changes of t~ heat balance components, and there
fore, the evaluation of the effect of irrigation on the meteorological re
ginle tt.Ust be besed on, not only the absolute values of the balance com
ponents, but also on the estimate of their changes. 

Irrigati~n, as applied in dry steppe~ semidesert, and desert areas, 
brings ebou,.., above all, a substantial mcrease in radia.tion balance which 
may reach up to and exceed several tens of per cents of its initial ~ue. 
Th!s somewhat l)Sradoxical fact was established long ago by A.A. Skvortsov 
{l928 ffi:J.-!_7), and since then it has been confirmed many times by results of 

207 

researches and calculations. 
The increase of radiation balance caused by irrigation is explained by 

greeter absorption of short-wave radiation, which is the result of a de
creased albedo. The albedo of moist soil, covered with more or less abun
dant vegetation, is markedly lower than the albedo of semidesert or desert 
surfaces. 

On the other hand, the lowering of the surface temperature and the higher 
humidity observed in tbe air layer near the ground under irrigation condi
tions results in a lower effective radiation, which also contributes to a 
greater radiation balance. 

Irrigation, vhen used in a dry climate, results in a rapid increase of 
the expenditure of heat for evaporation, the value of 'Which is mainly 
determined by irrigation norms. The usual irrigation norms augment losses 
of heat for evaporation, as a rule, in such a "Way that it exceeds the gain 
in radiation balance, and therefore the amount of turbulent heat emi~sion 
markedly decreases and reaches, 'With sufficiently large norms of irrigation, 
the negative values w-hich 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 daylight hours. 

Thus, irrigation in dry clip1Btes considerably reduces the geoerel heat 
flux from the underlying surf Pee into the atmosphere. Thi'S is due to the 
reduced turbulent flux { "Which can even change the sign), and also the dimin
ished heat flux transmitted by long-wave redioti.:m. In cases where irrige
tion is applied to sufficiently large surfaces, this might result in signi
ficant changes of conditions effecting the air mass transformation in the 
given region. 

As a typical sample of s. change in heat balance components, effected by 
irrigation, we present here a scheme of changes in the heat balance for 
average conditions during summer in the southern Lo'W'er Vol.~ regions 'W'here 
the irrigation norm was 10 gm./cm2 /month, i.e., 1000 m'.3/ha/month, (fig. 66). 

~ 
l!lonirrigated area i~~!t~ Irrigated area 

Out~o~~ eff'. Ab b j d la Outgoing e~.f. 5 
5 radiation // sor. e so Liation 

radiation !l ,iRadiationa.1 
Radiational 5 I balance '----" ba.1.a.nce 

, 1Expendi ture of heat 
' TurbuJ.ent Turbulent : d!or evap. 

Expenditure of heat heat emission heat emission• . ,{ . . 
for evap. J.. f 2(r :t»,ALwk ,,.UJ!4,JruUJ 

Figure 66 

The effect of irrigation on the heat balance in the Lover Volga 
region { the components of the radiation end heat balaoces in 

kg-cal/c~/month rounded out to whole figures). 
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As can be seen from this scheme, irrigation in this case, accomplished 
an increase of radiation balance on the order of 4~, which is due to a 
marked reduction of the albedo and of the effective outgoing radiation sums 

(available data showed that, in case of sufficiently abundant irrigation in 
deserts, a still greater relative increase of radiation balance can be 
achieved). 

A considerabl.e increase of beet 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 can be seen from observational date obtained by an ex
pedition to Pakhte-Aral. (D.L. Laikhtman lead the investigations). Results 
of these observations, presented in figs. 67 and 68, permit e comparison of 
the heat balance components, in the irrigated oasis vith the surrounding 
semidesert area, in their diurnal march. 

• 
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Figure 67 

Diurnal variations of radiation balance in an irrigated 
oasis end in e semidesert 1- oasis, 2- semidesert 

Date in fig. 67 sho_w a "IlUch greater gain in radiation balance R of the 
oasis compared to that of the semidesert, rluring daylight hours. As can 
be seen in fig, 68, in the oasis a greater loss of heat for evaporation LE 
from irrigated fields is observed ( in semidesert the evaporation for the 
analyzed period preecticelly equalled zero). The turbulent heat flux P in 
the desert is much greater than that in the oasis, end during daylight hours 
has an opposite sign ( in the oasis it is directed to the earth's surface, 
ani in the semidesert - to the atmosphere from the earth I s surface). 

The heat exchange in soil A only slightly changes, under these condi
tions. 

, cal/cm2/min 
,p lf 

Figure 68 

-, 
----l 

Diurnal variations of the heat balance components 
in an irrigated oasis and in o semideseri. 

1- oasis, 2- semidesert. 
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Determination of the heat bal.ance components on irrigated fields permits 
us to evaluate changes in temperature conditions under which the development 
of cultivated plants takes place. In Agrometeorologicel investigations, 
characteristics of the thermal. regime of plant development - the sums of 
temperature end other indices - ere usually determined fr,om data on air 
temperature observed in the Engl.ish screeu. It is assumed that e JDOre or 
less constant relationship exists betveen air temperature in the screen end 
the actual plant temperature. 

It is easy to establish tbat with tile use of irrigation the relationship 
between air temperature of the daylight hours and the temperature of the 
underlying surface markedly changes; on nonirrigated fields in a dry climete 
the daylight hours temperature of the underlying su:;:-fece is, on the average, 
higher than the air temperature by 10° -15"C and even more, but after abun
dant irrigation, when an isothermal condition or temperature inversion is 
established over the irrigated field, the surface temperature will. not be 
higher than air temperature during daylight hours. Consequently, on well
irrigated fields, the factual average deyligbt hours temperature of a 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 various norms of irrigation, it is expedient to util.ize 
data on temperature of the underlying surface ( the active surface), which 
in case of a more or less denser vegetation cover, is closer to the factual. 
average temperature of the plants than the air temperature in the meteoro
logical 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: 

fJU,-0 (14G) 

When irrigation is applied to a comparatively sma.l.l and isolated sur
face, temperature la:pse rates over this surface are only changed inside a 
rather thin layer, and the effect of irrigation, applied to small limited 
plots, on the intensity of turbulent exchange will be very sma.11. There-
fore, 1n calculations using formula. (1.45), when made for small irrigated 
plots., the values of D can be used without accounting for its changes 
effected by irrigation. Tbe value LE' , on the average for a more or less 
longer period, is determined by norms of irrigation and amounts of pre
cipitation; R0 can be determined from data. of special balance observations, 
or by utilizing indirect methods of c:alculation which, by now, are suffi
ciently Yell developed ( see chapter II). 

Thus, by means of formula (145), it is possible to calculate factual 
temperatures of the active surface 'W'ithout irrige.tion, 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 than changes in the plant 1 s 
temperature (A.A. Skvortsov, 1928 ffer~.7 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) in this 

manner: fl ~fl'= (Ro-R~}-(LE-LE'), (146) 
111 ., (PCpD+3,6<10J) 

where values pertaining to irrigated plot conditions are marked by the 
prime mark, and values for nonirrigated plots are given without it. 2 ) 

In Calculations of changes in temperatures of the underlying surface for 
sufficiently large irrigated plots, by using formula (146), the dependence 
of the turbulent exchange intensity on variations in the thermal stratifi
cation of the air layer near the ground lffllst 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 f'or long periods ( a. month or so), and associated changes in 
temperatures, it is also of considerable interest to estimate changes in 
heat balance that are effected by irrigation in shorter time interva.ls. It 
is particularly interesting to investigate the dynamics of changes in heat 
balance after an application of irrigation as associated with desiccation 
of soil.. 

For calculating the changes 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 a.lso for solving many other microclimatic problems. 
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derived in § 13, (143) and (144), can be used, 
The method of this calculation does not essentially differ from that of 

calculating changes in the water balance of soil without irrigation; only 
one term detennining the incoming moisture from irrigation is added to the 
equation of water balance. 

As an example of determining changes in evaporation end soil moisture 
effected by irrigation, we here show results of calculations •made for ' 
specific conditions of the summer of 1936 in the Saratov region. 

Results ~f these calculations are presented in fig. 69, which shows 
variations in ten-day means of the principal heat balance components for 
the surface of a cultivated field ( radiation balance R , expenditure of 
heat for evaporation LE , turbulent heat emission P. , and also quantities 
of productive moisture 1n the up:per layer (1.m) of soil w), was calculated by 
the above mentioned equations for the wann :period in Saratov ( the solid 
lines}. The theoretically determined heat balance components and the dy
namics of soil moisture with two applications of irrigation (on Mey 20 and 
June 20, using 6 gr/err?- in each case, i.e., 600 m3/ha) are represented by 
dotted lines. This calculation shows that, as a result of irrigation, to
gether with a rapid increase in the amount of productive moisture in the 
soil, expenditure of heat for evaporation grmrs significantly,turbulent 
heat emission diminishes, and the radiation balance slightly rises .. These 
changes are greatest immediately following irrigation, and later they 
gradually diminish. 

rz112J12J123r2J 
YI VII "'" IA Months 

Figure 69 

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 standard norms of irri
gation, with due consideration to weather and climate conditions. 

For various stages of crop development, certe:in conditions of soil mois
ture are required. When the moisture content in the soil diminishes below 
required values, then, the yield, as a rule, is considerably reduced. 

Taking into account the amount of soil moisture which is required by 
plants during various st8ges of their development, we can calculate the 
amount of• water which is necessary for securing a sufficient soil moisture, 
under certain weather and climate conditions,by using the above equations. 
In this way the standard norm of application will be determined. 

A simpler, but also. a more schemstic way to a·ccount for the effect of 
weather and climate factors on norms of irrigation is the following. 

With sufficient soil moistening the evaporation is, on the average, close 
to the evaporability value. ~.ccordingly, we may assume that, for agric.ul-

=~:;!~~~i:t;e~~!~!n~r!~!~~!:~!n ~~)uri ::i;a0;m::h::r:;a:a1{:;:::o:~:a: 
used by S.A. Sapozbnikova (1951), A.M. Alpat'ev (195>, {f.g/) and others. 

It could be taken for granted that such a method gives the most accurate 
results vben calculating evaporability by the complex way, taking into ac
count the effect of radiaticn balance on the process of evaporation and also 
the effects of air temperature, air humidity and turbulent exchange as vell. 
For desert and semidesert climates, it is expedient to evaluate the influ
ence of irrigation on temperature and humidity of the air, which somevthat 
changes the evaporation in oases of considerable dimensions. 

For those crops vthich do not require high soil. moisture during certain 
periods of development, a similar calculation method could be used, assuming 
that for particular time intervals the necessary evaporation comprises a 
certain portion of evaporability. Such a method for calculating norms of 
irrigation has a semiempirical character and requires, together with utili
zation of da.ta on evaporation, an estimate of certain factual data on ex
pedient norms of irrigation, at least for some regions. 

Aside from accounting for the effect of weather and climate factors on 
norms of irrigation, data on heat balance ere necessary far calculating the 
changes of air temperature and h~idity in ir~igated oases. These calcu
lations have been done by M.I. IUdin, D.L. Leikhtman and other authors. 
They are important for solving meny questions in the agrometeorology of 
irrigated fields. 

As can be seen from all tha.t has been said above, utilization of data on 
heat and energy balance is of a positive importance in clarifying the effect 
of irrigation on the meteorological regime and in evaluation of the effect 
of meteorological factors on norms of irrigation. 

3) The loss of' water for infiltration into deeper soil layers must be also 
taken into account. This loss can comprise 20-3o1, of the irrigation norm. 
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Chapter VI 

Heat and water balances of the earth 

Data on geographical regularities of heat balance components described 
in i:.he preceding ehapters, permit us to determine the heat and !ater bal
ance for the earth as a whole, a.nd for the latitudinal zones as well. 

Calculations of this kind have been made before, but only in a schematic 
way and by methods of an insufficient correctneesa All this has limited 
accuracy of determined values for heat and water balance components. Cal
culations, accomplished by the author ( 1949b {427), cannot be regarded es 
being quite reliabJ.e either, since at that t1me-wor1d maps for the heat 
balance components of the earth •s surface were not available. Only after 
completion of a series of vorld maps for heat balance components by the 
Central Observatory did it become possible to make a. more a.ccur1;1.te computa
tion of the heat and water balance of the earth. 

These data are of a definite importance in determining the general laws 
governing heat and moisture exchange in the outer geogrs.J?h1cal medium. 

'§ 15. The heat be.lance of the earth 

The preceding investigations of the earth •s beat balance were me.inly 
concerned with determining the heat balance components for the earth _ 
atmosphere system, i.e., with calculating the heat balance components for 
the earth as a planet. Due to this, the data on average values of heat 
balance components of the earth's surface were comparatively scarce. They 
were found in invest.~~ations of Baur and Philipps ( 1935) in the papers of 
the author (1949b Lfiy), Houghton (1954) and some others~ • 

These calculations of heat balance a.re not based on world maps of heat 
bala.oce components. Therefore, the use of worJ.d maps o:f he.at balance, 
which now constitute the Atlas of the Heat Balance (1955 /J'iJ), permits us 
to complete and make more accura.te the calculations of the averE:.ge values 
computed earlier. 

The mean latitudinal values of the heat balance components, for land 
surfaces and oceans, and also mean values of the heat balance components 
for the whole surface of the earth are given in table J.4. The data pre
sented for the region between 60°N and 6o0 s are obtained from data which 
were directly used :far the construction of maps of the above mentioned 
atlas. For calculations of the balance components vhich pertain to the 
entire surface of the earth, spproxim'lte values of the balance components 
in the Arctic and Ante.retie regions were additionally determined. Since 
the indicated regions cover a relatively small por-t;ion of the earth •s sur
face, the inaccuracy of these additional. calculations could not affect, to 
any substantial degree,. the mean values of the balance components for the 
entire surface of the earth. 
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Meen latitudinal values of the heat balance components of the 
earth's surfece in kg-cal/cuf!./year. 

Q:):.}ll.Ot hlll Exi:-th 

->'l.ti1.,:cle ~IRH !HLEIP ii R LEI pl A 
p A 

60-50" C 38 34 34 18 -18 93 23 19 ,, 91 28 25 10 -7 - 109 54 51 15 -12 119 38 22 16 114 46 36 15 -5 
40-30 136 78 73 12 -7 159 56 26 30 146 69 53 20 -4 
30-20 151 100 85 7 8 184 64 23 41 163 86 60 20 6 
20-10 156 110 89 5 16 182 74 36 38 163 101 75 14 12 
10-0 149 107 76 5 26 149 79 53 2l 149 101 72 9 20 

0-10 IO 1s2 101 I s1 7 19 1-43 75 59 16 150. 99 761 9 ' 14 
10-20 155 107 97 g l 161 69 44 §iii~i~~~ rn\_i 20-30 147 94 87 10 -3 169 ~I I ii 30-40 128 73 

" I " 
-161149 261130171172 "1-15 -m-50 104 53 57 5 -9 1!2 Jg 24 1510453565-8 

50-60 8-! 31 37 12 -18 80 26 18 8 83. 31 :!I 12 -18 

Whole 
19 1291 68 56 12 u Earth 128 77 68 9 0 13'1 -46 27 

The comD5.rison of date. in table 14 with those given in the author's work. 
(1949b /427) shows that basic qua.litative relations in the distribution of 
heat oaieiice componentsJ found in this investigation, are -well confirmed by 
tbe rore accurate calculations. At the same time, many quantitative values 
of the bela.nce components were greatly changed as a result of using new 
de.ta .. 

Thus, in :particular, the nev calculations give smaller values of redia.
"t:ion beJ.ence iil higher latitudes on the lend and ocean and le.rger values in 
.1.ov-er latitudes !or the ocean. As a result of this a narked increase in 
di:f:fe...""ences o:f 1t1e8.D val.ues of radiation balance for the earth as a whole is 
observed bet.-een high and lov latitudes. 

Val.ues of turbulent. beat emission from the ocean surface to the a.tmos
:pbe-re and l.osses of beat 'for evaporation are somewhat greater thon those 
gi'Vell in the :psper of 1949. Values of turbulent heo.t emission from the 
12nd suri'ace to the atmosphere turned out to be somewhat greater, but in 
higter latitudes - markedly s.maller. The mean latitudinal redistribution 
of beet. by sea. currents ( term A) increased somewhot in its ebsolu.te value 
ana. t.he c09.nge in values of this term with lotitude became more regular. 

~cr,.r, let. us :point out. some deductions pertaining ·to chur'l.cteristics of 
-tbe l.et:i:tudinal distribution of heot balance components that result from 
-t.sble 24. 
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The total radiation, increasing regularly from higher to lower latitudes, 
on land as 'Well as on the ocean, has its me.ximum not at the eq11ator but in 
belts of high pressure near the 20° latitudes~ The equatorial minilwm is 
apparently explained by the considerable increase ot cloudiness at the equa
tor. 

The radiation balance on land, as well as on the ocean, grOW"s rapidly 
with decreasing latitude only in temperate zones, while in tropical regions 
its value is only slightly dependent on the latitude. 

Expenditure of heat for evaporation on the land and ocean changes with 
latitude in a different way. On land, the greatest evaporation is observed 
at the equator ( where the great precipitation amount assures sufficient soil 
moisture), while in latitudes of the high pressure belt eva.poration dimin
ishes rapidly, due to prevalent dry climatic conditions4 Contrary to this, 
on the oceans, maximum values of evaporation are observed in the high pres
sure belt, where the inflow of solar energy is especially great. In the 
proximity of the equator the evaporation from the ocean markedly diminishes. 

Turbulent heat emission from the ocean surface to the e.tmosphere is com
pa.ratively small in•all latitudes. Its values increase somewhat with higher 
latitude due to e growing significance of warm currents which warm the air 
in the cold season: 

On land, turbulent heat emission is considerably grea.ter, with maximum 
values in the high pressure belts -where expenditure of he~t :for evaporation 
is lower due to the arid climate. • 

Many interesting features are present in data on the distribution of 
component A , which characterizes latitudinal values of the heat flux be .. 
tween the ocean surface and deeper layers, as influenced by see currents. 

As is seen in table 1.4., on the average, oceans absorb heat in latitudes 
approximately between 20°S and 30°N. In higher latitudes this heat is emit
ted, introducing an important factor in effecting a milder climate of tem
perate and higher latitudes during the cold season. 

The last line in table 14 shows that a unit of the lend and ocean surface 
actually receives an equal amount of total radiation. The radiation balance 
of the ocean surface is, on the average, greater than that of the land, 
which is due to the smaller values of the albedo for the oceen and a smaller 
(on the average) effective outgoing radiation. 

The expenditure of heat for evaporation, from a unit of surface on the 
ocean, is noticeably greater then on land due to the absence of the limiting 
effect of dry clims.t~. Consequently, turbulent heat emission from the land 
surface is approximately twice as great as heat emission from the ocean. 

A noteworthy conclusion from the given data is the statement that the 
turbulent heat 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 ire:teorological literature, including text
books, the opinion -was generally prevalent that the turbulent flux of heat, 
on the average, is directed from the atmosphere to the earth's surface. 
This utterly unna.tural. conception, vh1ch was introduced by W. Schmidt (1921) 
end others, vas supported by the results of heat balance ealculations made 
by '.Ba.ur and Philipps ( 1935) a.nd others. 

In the above mentioned investigation, Baur end Philipps calculated the 
heat balance of the underlying surface and determined the turbulent heat 



216 

exchange, by Schmidt's method, for t'wo points (Bate.via and Lindenberg) and 
later they obtained its lB.titudinal distribution by interpolation and ex
trapolation of these data.. 

Baur a.nd Philipps did not use factual data on heat expenditure for evap
oration but computed this value as the remainder term of the balance, neg-
1.ecting the redistribution of heat by sea currents. 

Such a calculation provokes some objections. Modern investigations 
(worke of the author and M.I. llidin, 1946, 1948 /JO & 6!_7) established that 
the method suggested by W. Schmidt for determining turbulent heat exchange 
in the atmosphere is not correct, since the supposition made by Schmidt, 
concerning the_ proportionality of turbulent beat flux to the gradient of 
the potentie.J. temperature, does not fit the natural conditions. 

In addition, it IIBY be noted that the definition of the latitudinal dis
tribution pattern of a beat balance component for the whole Northern Hemi
sphere :from data of only two points is hardly possible. In calculations of' 
heat balance, factual data on evaporation cannot be neglected, since they 
permit the verifice.tion of calculations of other heat balance components Py 
completing the balance equation. 

Thus, the conception that turbulent heat f1.ux is directed from the at
mosphere to the earth •s sw-face cannot be considered 3.S substantiated by 
calculations of its beat balance. 

The conclusion concerning the direction of the average beat flux from 
the underlying surface to the atmosphere is corroborated, at the present 
time, by all. of the recent computations of the heat balance components;and 
also by independent calculations of turbulent heat flux in the atmosphere, 
which are associated .tith the introduction of the eauilibrium gradients of 
temperature conception, given by the author and M.I.~ llidi..n (1946, 1948 lbo 
& 617). This allows us to conclude that the question of the average 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, a deduction that the average direction 
of turbulent heat flux ts from the earth to the atmosphere, was also de
rived. At the same time, in these investigations the turbulent 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 calculated the components of heat be.lMce for ·the entire earth 1s 
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 tu.med out to be the comparatively small 
difference between ra.diation balance and beat 8lllount spent for evaporation, 
the accuracy of its determina.tion, as Houghton correct1y 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 equal to 100 units, Houghton found the 
amount of radiation ab,,orbed by the earth's surface equal to 47 units, and 
effective radiation - 14 units. The re.diation balance of the underlying 
surface, according to Houghton, is consequent.ly, equal to 33 units. Having 
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determined beat spent for evaporation as being equaJ. to 23 units, Houghton 
found that the turbulent flux of heat from the earth I s surface to the atmos
phere comprises 10 units, i.e., equeJ.s 1~ of that received at the outer 
boundary of the atmosphere. 

According to data presented, which were obtained as a result of consider
ably more detai1ed and more substantiated calculations, it cari be concluded 
that the amotmt of absorbed radiation comprises 44.!Ji of the solar radiation 
flux received by the outer border of the atmosphere; effective outgoing 
radiation comprises l?fo, radiation bale.nee - 2%, and heat spent for evap
oration - 2~. Consequently tbe turbulent heat flux value egual.s only 51,, 
i.e., it constitutes only half of the va1ue of Houghton's calculations. 

A more correct value of turbulent heat flux was obtained by Lettau ( 1954) 
who 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 calculations is accidental, since Lettau proceeded from very in
accurate estimates of absorbed and effective radiation for the earth I s sur
face. 

Data on heat balance, o"bta.ined from iDvestigations accomplished in the 
Central Observatory, can be used for determining the heat balance components 
for individual oceans and continents. 

In table 15 the mean heat be.lance components for the Atlantic, Indian 
and Pacific Oceans, calculated from these data a.re given. 

Ocean 
Atlantic Ocean 
Indian Ocean 
Pacific Ocean 

Te.bl.e J.5 

Heat balance of the oceans in kg-caJ./cm2/yea:r, 

R 
75 
78 
82 

LE 
63 
83 
68 

p 
12 
8 
7 

As can be seen from table 15, average amounts of radiation be.lance 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 
turbu1ent heat exchange with air is greatest in the Atlantic Ocean ( th.ts 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 it might be concluded that, for the Atlantic Ocean the gain and dischar~ 
of' heat resulting from h,;at exchange with other cceans is approximately com
pensated, while the Indian Ocean (where expenditure of heat for eva:poration 
and turbulent heat emission is greater than the radiation balance) receives 
some amount of heat from the Pacific Ocean ( where radiation ba.lance is some
what greater than the expenditure for evaporation and turbulent beat ex
change). However, it should be noted that the absolute value of the obtain
ed differences of the heat balance components ( in relation to the entire 
surface of 'the oceans) turned out to be comparatively smal.l and, e.p:Paxent1y, 
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range within the limits of the· accuracy rates for these calculations• 
This complicates the solution of the question of mutueJ. beat exchange in 
the oceans. 

The average values of the beat balance components for the continents are 
presented in table l.6. 

Table 16 

lleat balance of the continents 1n kg-cel/crr,/./year, 

Continent R LE p 

Europe 33 22 ll 
Asia 41 23 18 
Korth America. 38 24 11' 
South America 7l 52 19 
Africa 69 3l 38 
Australia 66 25 i.1 

It can be concluded, from table 16, that average conditions of heat bal
ance of ind1vidua1 continents difter consjderably. The greatest values of 
radiation balance and loss of heat for evaporation 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 
and Africa, vbere tropical dry clillll.tic conditions over vast surfaces are 
also observed. 

The utilization of these data on the heat balance of the earth I s surface 
al.so permits us to improve some deductions concerning the hea.t balance of 
the atmosphere. 

The latitudinal distabution of the beat balance com;ponents of the earth 
- atmosphere system is presented in fig. 70. The data on radiation balance 
of this system are adapted from If.A, Bs.grov•s work (1954b /J.BJJ. These 
data comply fairly well with results of en earlier calculation performed bf 
S~on (1928), which were used by the author in his investigation (1949b 
{!ig/). It is noteworthy to mention that, calculations of radiation balance 
accomplished by N.A. Bagrov are well confirmed by data of K. 'IA. Kondret •ev 
and O.P. Filippovich (1952 Lf.3q) and also by deductions of other investi
gations. 

Data on heS.t expenditure for evaporation LE and transfer of heat by 
sea currents C are taken from table 14. The gain of heat from condensa
tion Lr is assumed to be equal. to the product of the latent heat of 
vaporization and the amount of precipitation. 

The redistribution of heat between latitudinal zones, as effected by 
atmospheric circulation., is obtained as the remainder term of the heat bal-
ance equation. • 

As can be seen from data in fig. 70, four basic latitudinal zones with 
essentially different relationships of the beat ba~ce components of the 
earth - atmosphere system are discerned in each hemisphere. In the equa
torial zone, which extends nort.b end south of the e<F,1Btor up to 10-15° 
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latitudes, the gain of heat from a great positive radiation balance is sup
plemented by a considerable amount of heat from moisture exchange (i.e., 
from the difference between the beat of condensation and loss of heat tor 
evaporation). These sources of heat assure a great expenditure of heat for 
atmospheric and oceanic advection, for which the relatively narrow subequa
torial zone presents a very important source of energy. 

-50N 50• 50 ~O 30 20 10 D 10 20 30 40 SO 60 5 

Figure 70 

Heat balance of the earth - atmosphere system. 

Northward and southward from the subequa.torial. zones are the regions 
which can be conventionally called tropical ( they also incl.Ude a portion of 
subtropical areas). In these zones, with a positive and constantly dimin .. 
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ishing with higher latitudes radiation balance, an exj'.lend iture of heat for 
moisture exchange is observed. Sometimes it reaches considerable amounts. 
In the major portion of the tropical zone the 1.oss of heat for moisture 
exchange approaches the value of the radiation balance, and due to this the 
heat loss for a.tmospheric advection is small. 

In the region of 35° ~ 40° latitudes a transitional zone takes place. In 
this area the gain and expenditure of heat in all heat balance components 
is a.pproximately Yell balanced, i.e., on the average, all of them are not 
l.arge in absolute values. In the higher latitudes are regions of negative 
radiation balance which grows rapidly, in absolute values, with increasing 
latitude. The negative radiation balance in this zone is compensated by 
the gain of heat from atmosphel'ic advection, moisture exchange, a.nd sea 
currents. 

It should be noted that in the general heat exchange between high and 
lov latitudes all four terms of the heat balance play an important role, 
and coosequeotly, the effect of any component cannot be neglected without 
substantially impairing the accuracy of interlatitudina.1 heat exchange cal
culations. 

As can be seen from f'ig. 70, a comparatively great macruturbulent heat 
conductivity of the atmosphere for horizontal streams of heat results in 
the fact that values of atmospheric advection turn out to be, on the 
average, larger then values of oceanic advection. 

The total amount of heat transferred from one latitudinal zone to others 
by advection., and also in connection with moisture exchange, can be derived 
from the curves in fig. 70 by proper computation. 

By using the optained data on latitudinal distribution of the heat bal
ance terms of the underlying surface and also of the earth _ atmosphere 
system., the latitudinal distribution of the heat balance components of the 
atmosphere can be determined. 

Since the radiation balance of the under1;1.ng surface is, in all lati
tudinal zones, greater than that of the earth - atmosphere system ( due to 
the "greenhouse effe7t"), the radiation balance of the atmosphere at all 
latit~des is a. negative value. The latitudinal distribution of the atmos
phere s radiation balance, determined as the difference between the radia
tion balance of t~e earth - atmosphere system and the underlying surface 
is ;presented in fig. 71 by curve Ra. The radiation balance value on va;i
ous latitudes turned out to only slightly very. 

... The gain of heat from cond7nsation, determined as the product of the 
lauent heat of vaporization times the latitudinal sums of precipitation, is 
represented in fig. 71 by curve Lr , the increase of heat from vertical tur

~~!:~~ h:e!y e:~~:;on C - ~y curve P, the gain of heat from atmospheric ed-

Usin! data presented in fig. 71., we can show, by appropriate calcula
tions, "hat between the Northern and Southern Hemisphere for mean annual 
conditions, considerable red~stribution of heat energy 1: ob~erved, From 
these results,lt can be particularly concluded that, the Northern Hemis here 
transfers a great amount of heat by atmospheric advecti n d b P 
rents to the Southern Hemispberea O an Y sea cur-

ft.t the same time, the Southern Hemisphere emits 8 mart~d amount of heat 
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through moisture exchange between the Northern and Southern Hemispheres. 
From the above mentioned calculations or -water belance, accOlDPlisbed by- L.I. 
Zubenok, it can be concluded that in the Southern Hemisphere the amount of 
precipitation is approximately 120 mm a year less then evaporation. Thus, 
the appropriate amount of water is transferred 1n ;the hydrosphere trom the 
Northern Hemisphere to the Southern, end in the atmosphere _, trcm the 
Southern Hemisphere to the Northern. The latter process results in a trans
fer to the Northern Hemisphere ot a considerable elllOunt of heat emitted by 
condensation of precipitation. 
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Figure 71 

The heat balance of the atmosphere. 



222 

Since the questions of the atmosphere's heat balance are only incidental]y 
considered here, we will not linger on e more detailed discussion of ob
tained regularities or on comparison of derived conclusions with deductions 
of other authors who treated this problem, but wil.l turn to the evaluation 
of the heat balance components of the earth as a whole. 

Values of the• components of the earth's beat balance, which were calcu
lated by taking the above data into account, are presented in a schematic 
form in fig. 72. 

Cosmic spac~ . ,t 

Atmosph3re\ 

Underlying 

I 
I 

' ' 

Figure 72 

Heat balance of tbe earth ( the heat balance components 
in kg-cal/ crri'-/year ). 

Because of the earth I s spherical form a unit of the surface on the outer 
boundary of the atmosphere receives, on the everege,only one fourth of the 
tot-al value of soler radiation flux, vbich is, according to recent date, 
close to 1000 kg-cal/cm2/year, i.e., about 250 kg-cal/cm2/yee:r. 

To determine the quantity of radiation that is absorbed by the earth es 
a planet, the ·average value of the earth's albedo must be known. At the 
present time there are two methods for de:termining this value: by calcu
lation, taking into account the conditions of reflection from lend sur
faces, oceans, clouds, etc. and by measuring the illumination of the dark 
portiol), of the moon ( which is visible due to reflection of e portion of 
solar radiation from the earth's surface - the phenomenon of the "ashen 
light"). 

Resul:ts obtained by both methods agree fa!.rly well (Danjon, 1936; 
Penndorf, 1937; Fritz, 1949; Bagrov, 1954b /187). 

The most detailed calculation of the aLlbedO was recently made by aver
aging the. de.ta presented on the world map of the albedo distribution of the 
earth - atmosphere system. These calculations gave the mean weight value 

I 
l 
t 
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of the albedo as being 0.41 (Fedoseeva, 1953 [22fij). 
Most of the recent investigations present somewhat smaller values of the 

albedo. Taking this into account, we will. use a rounded value of the al.bed~ 
o.4o, in this calculation. , 

Counting the general. aJ.bedo of the terrestrial globe as being 0.40, we 
will find that short-wave radiation, which is absorbed by the earth, is 
approximately equal to 150 kg-cal/c.?-/year. This value is designated in 
fig. 72 by Ss . 2 

According to the above data, the earth's surface receives 229 kg-cal/cm/ 
year of the solar short-wave radiation. The mean weighted value of the al
bedo of the earth's surface is, on the average, equal to 0.14, as the cal
culation show. Thus, the earth I s surface 8.bsorbs 111 kg,-caJ.../ c~ /year of 
solar energy ( S,, fig. 72) and reflects 18 kg-cal/crri'-/yea:,,. 

As the given values show, the terrestrial atmosphere absorbs 39 kg-ceJ . ./ 
cm2/ year, i.e., allnost three times less than the earth's surface. 

Since the radiation bal.ance of the earth's surface equals 68 kg-cal/c~/ 
year, it is evident that the effective radiation at the surface level is, on 
the average, 43 kg-cal/crri'-/yea:,, ( /0 , fig. 72). . 

The total amount of long-wave radiation of the earthJ. which equals the 
amount of absorbed radiation, is close to 150 kg-cal/c?fi=./year ( Is , fig •. 
72). 

It is noteworthy to mention that the ratio of the effective radiation 
from the earth I s surface to the total outgoing radiation of the earth f 
is nmch smaller than the corresponding ratio of the amount of absorbed .s 

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/ crr?-/year of radiational energy ( radiation balance), which is spent 
partially on water evaporation (56 kg-cal/crri'-/year, LE in fig. 72). 
and partially returned to the atmosphere by means of turbulent heat emission 
(12 kg-cal/crr?-/year, P, in fig. 72). As a result of this the atmosphere's 
heat balance consists of the following values: 

1) heat gain from absorbed short-wave radiation, which equals 39 
lq;,-cal/cvl-/year; 

2) heat increase from condensation of water vapor ( Lr in fig. 72) 
equal to 56 kg-cal/crri'-/year; 

3) heat gain from turbulent heat emission of the terrestrial surface, 
which is equal 12 kg-cal/cn?-/yea:,,; 

4) beat expenditure by the effective outgoing radiation into cosmic 
space which is equal to the difference of the values Is and I 0 , 

i.e.,' 107 kg-cal/cm2/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 (1949b j!i-'{/) for the balance of the Northern 
Hemisphere. This difference is explained not only by a higher accuracy of 
the foregoing computations, but a1so by the fact that the components of 
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radiation balance, and especial.ly of heat bal.ance for the Northern Hemi
sphere and the terrestrial globe cannot coincide because of the inhomogene
ous distribution of land and oceans in the !lorthern and Southern Hemispheres. 

It -Y be noted that these values of the heat bal.ance components do not 
differ mch trm. corresponding values obtained in recent foreign investiga
tions. It nmst be assumed, however, that data on beat balance, obtained by 
averaging a series of world -P• shoving the distribution of the bel.ance 
components, should be more reliable as compered with results of sumarized 
calculations performed in relation either to the earth as a whole or to 
latitu~inal zones. 

§ 16. The Water beJ.ance and bydrologic cycle 

The above results on beat be.lance can be used in studies of fundamental 
regularities in the natural IIY'drologic cycle, 

On tbelxl.Sie of the above obtained data on heat spent for evapcration, ve 
can make a series of conclusions concercing the water bal.ance of the earth. 

Since the completed calculations gave the avera~e value of evaporation 
for the terrestrial globe as being equal to 930 ... /year, it is obvious that 
the annual amount of precipitation llllst also equal this value, It 1111st be 
remembered that, heretofore, no reliable evaluation of the average amount 
ot precipitation received by the earth's surface was obtained, since data 
on precipitation over ~be oceans were inaccurate. 

Up to recent times, there vas- an opinion tbe.t constructed maps of pre
cipitation on the ocean vere based largely on data of coastal stations and 
therefore, precipitation amounts on the oceans, determiDed from these ma.psi 
D1&t have been considerably exaggerated when com_pe.red vi th actual values. ) 

Accordingly, 1D caJ.cula.tions of water balance on the oceans, the average 
amounts of precipitation were often reduced. by 20-3~ in order to ad.Just 
them to evaporation data, which usually appeared to be considerably sDBlle:
than the precipitation s.- and river runoff to the oceans, A similar re-• 
duction of the precipitation amounts was done by 1111st (l.936) and also by 
the author in his preceding work ( 1949b /F,Y). 

However, in doing this, the insdequate reliability of evaparation data 
from tbe oceau that eXisted at that time, when world maps of evaporation 
vere not available, bas not been taken into account to a sufficient degree. 

The presented results of evaporation calculations from the ocean vere 
initially obtained by averaging the compsratively detailed world mp. They 
give a val.ue s92Vhat greater vben compared with the majority of earlier 
cal.cu.lat ions. 

While in precediDg works the value of evaporation from the ocean usually 
ranged between the limlts of 750-1000 ... /year, the newest result shows 1130 
mm/year. Since the total runoff from rivers into the oceans gives a water 
layer of approxhately 100 mm/year, then, with the given value of evapara-

1) This conclusion was based on the well-known fact 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 mm/ 
year. This value is somewhat smaller than the corresponding e.mounts obtain
ed by Meinardus (1934) from Schott•s maps (1140) mm) and recently by L,I, 
Zubenok from maps constructed by O ,S. Drozdov ( 1120) ... ) • However, the dif -
ference between the presented values of precipitation and the sum of evap
oration end runoff is, in this case, comparatively small. Therefore, it is 
supposed that, even though contemporary ma.pa of precipitation have exag
gerated precipitaticn on the oceans, the error involved in this procedure 
is not as great as it vas earlier assumed. It is on the order of the mag
nitude of 1~. 

Accordingly, in the work by L.I, Zubenok (1956 /Jl.Q/), amounts of pre
cipitation over the ocean, obtained from o.s. Drozdov's map, we-re later 
corrected by introduction of a reduction coefficient which equals 0,913. 

By utilizing the thus obtained precipitation values, and also taking into 
account the above indicated evaporation data, L.I. Zubenok obtained the 
following values of the water balance components in the oceans. These data 
are shown in table 17, 

~ 

Water be.lance ot the oceans in m./year, 

Ocean Precipi- Evapa- Runoff from Water ex-
tation ration the periphery change with 

of land areas adjacent 
oceans 

Atlantic 700 1040 -200 -6o 
Indian lOl.O 1300 -70 -300 
Pacific l.210 1140 -60 130 
Arctic 24o l.20 -230 350 

All values in table 17 are given in somewhat rounded quantities. A very 
importEllt conclusion can be derived from this tabl.e: the Atlantic and 
Indian Oceans receive, on the average for a year, a considerable amount of 
water from the Arctic and Pacific Oceans. If the date. on water exchange 
presented in this table could be converted into values of corresponding 
volumes of vster, they would show that the amount of water running off from 
the Arctic Ocean is almost exactly equal to the smount that fl.ows into the 
Atlantic Ocean. Similar to this, the quantity of water that runs off from 
the Pacific Ocean is approximatel.y equal to the Indian Ooean•s water infl.ow, 

Although the water balance of the land vao earlier determined without 
any su~stantid.l. principal errors, the recently obtained data on evaporation 
permit sane further improvement in the accuracy, 

The mean annual smount. of evaporation from land turned out to be close 
to 450 nm, and assuming the annual amount of precipitation on land as equal 
to 700 ... , we will obtain an annual runoff. value equal to 250 m, Thia 
value agrees very well with the earlier eatabliohed quantity, which vao 
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found by M.I. L'vovich - 249 mm/year (L'vovich, 1945). 
In swrming up the results of calculations obtained by L.I. Zubenok, we 

compiled a table of the vater be.lance components for the continents ( table 

lB) i:t can be concluded from table 18, that the greatest amounts of precipi
tation, evaporation and runoff are observed in South America (a. large sec
tion of this continent is situated in the area of equatorial. climates, 
whereas, deserts occupying only a small part of the total surface). The 
smallest amounts of precipitation and runoff are found in Austrial.ia; small-
est evaporation, in Europe. ' 

By using the date. obtained on evaporation from the oceans and land, the 
water be.lance of le.ti tudinal zones of the earth can be determined. 

~ 

Water balance of the continents in nrn/yeer. 

Continent Precipitation Evaporation Runoff 

Europe 6oo 360 240 
Asia 610 390 220 
North America 670 400 270 
South America. 1350 860 490 
Africa 670 510 16o 
Australia 470 410 6o 

The dependence of water balance components on latitude is presented in 
fig. 73. As 1s seen, in ve.rious latitudinal zones the inflo'\<I of water vapor 
from evaporation to the atmosphere cen be larger or smaller than the expend
iture for precipitation. A substantial source of water vapor for the atI11Qs
phere are those zones of high pressure belts where evaparation ne.rked.ly sur
passes precipitation. This water vapor surplus is spent in the subequator
ial zone, and also in temperate and higher latitudes where precipitation is 
greater than evaporation. 

Apparently, vaJ.ue f, which is equal to the difference between precipi
tation and evaporation, is, at the aan:e time, equal, first to the difference 
between the gain and loss of water vapor in the a.tmosphere of the latitudi
ne.l zones, caused by horizontal air movement, and second, to the difference 
between the increase and expenditure of water in the hydrosphere end upper 
layers of the lithosphere (i.e., to the total runoff of the latitudinal 
zones)a 

Large values of term / give us some idea of the importance of water 
va_J?or transfer for the formation of the precipitation regi~ in various 
areas. At the same tirre, it would be very erroneous to suppose that the 
effect of the water vapor transfer in the atmos.J?here on the formation of 
precipitation in various latitudinal. zones is only determined by the magni
tude of tenn i . 

The utiliza.tion of the above obtained de.ta on evaporation, together with 
the analysis of sane regularities in the atmospheric circulation, permits us 
to clarify the physica.l mechanism of the relationship between evaporation 
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and moisture transfer in the atmosphere on one hand and formation of pre
cipitation on the other. 
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Mean latitudinal distribution of the earth 1 s heat balance components. 

In spite of the great significance of the moisture exchange problem in 
the atmosphere, up to recent times this problem was solved by using some 
seemingly feasible, but in substance, entirely arbitrary and erroneous ' 
assumptions. 

In this respect, characteristic samples are presented in investigations 
by E. BrUckner ( 1901), A.D. Dubakh ( 1940 [iifi/) V. V. TSinzerl.ing ( 1948 L'i2'fl) 
and some other authors who assumed ( sometimes with some reserva.tions) that 
in every region on the land an amount of water vapor, vhich was carried in 
from outside, is utilized in the formation of precipitation. This amount 
does not exceed the difference between the amounts of precipitation and 
evaporation. 

Since the total precipitation amount on land is usually much greater 
than this difference ( on the average for the terrestrial globe it is three 
times as much), the above authors came to the conclusion that a multiple 
inner moisture exchange existed. In other words, they ass'Ullled that water 
vapor which was carried from the outside into a certain region on land, 
precipitates several times, while within this region and only late~ on will 
it be carried away by atmospheric circulation. 

To solve the problem of the moisture exchange regularities it was quite 
necessary to work out a quantitative theory of the phenomenon in question. 
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Fundamentals of such a theory ere described in investigations by K.I. Ka.shin 
and Kl!, P, Pogosian (l.950 [fa'fJ), by the author and O,A. Drozdov (l.950, 1953 
[53 l!o 5!!7), by Kl!, P, Pogosian ( l.952 /J.S'i/) and others, 

We will briefly present here the derivation of the basic equations of 
moisture exchange according to the recent investigation by the author end 
O,A, Drozdov (l.953 /34J). 

Let us analyze the water vapor transfer in the atmosphere over a certain 
area vi.th an average linear scale M • The water vapor flux, which is 
carried by air currents to this area, can be assumed to be eaual to wu, 
where w - is the moisture content 01' the atmosphere on the windward side 
of the contour of the analyzed region, u - the mean speed of air currents 
which carry WS.ter vapor throughout this region. Along the path of the 
moving air current the moisture content in the atmosphere will change in 
accordance with the difference between the loss of moisture for precipita
tion and the gain of it from evaporation. 

Evidently, the flux of water vapor, which is carried away from the given 
erea by air streams, will be equal towu-(r-EjM, where r - is the amount 
of precipitation, E .. the amount of evaporation for the anal.yzed 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 local 
water vapor, formed by local evaparati en. 

The first stream on the windward contour of this region will be equal to 
wu , an9, on the leeward contour {leaving the region) it will be wu-r,M, 
vhere ra - :fJ3 the amount of precipitation which was formed from -water vapar 
that was carried in from the outside (advective). The second stream equals 
zero on the windward contour, and on the leeward contour ( leaving from the 
region) it equals E-rM, where r,1 ... is the sum of precipitation which was 
formed from water vapor of local· origin. 

Thus, on the average, over the analyzed region there moves e. stream of 
external water vapor equal wu - 1/ 2 raM and a stream of the local. vapor 

1 / 1 (E-r11-JM1 which comprise the total stream wu- 1fi(r-E)M. It should be 
remembered that r; +rw = r. Since water vapor 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 
local a.nd external vapor equals the ratio of the amount of corresponding 
vapor molecules in the atmosphere. 

Hence, 

and 

!i_ wu +{ r.M 

r"' {(E-r,1)M • 

the two folloving equations can be obtained: 

(147) 

(148) 
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From relationship (147), the vaJ.ue of' the moisture exehange coefficient 
k. , can be a1so determined. This value equals the ratio of the ~otal pre
cipitation amount to the precipitation amount of external (advect1ve) ori
gin. 

(150) 

These formulas help to analyze the dependency of moisture exchange char
acteristics on the ma.in factors that affect the moisture exchange. Thus, 
particularly from fonm.tla ( 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 (J.48), (149) and (l.50) also establ.ished the rel.ation
ship between external precipitation a.JIX)unts, local precipitation and mois
ture exchange coefficient on one hand and, the size of the analyzed region 
on the other. With an increase in scs.le M, the local precipitation amounts 
and the moisture exChange coefficient become larger, while the amount of pre
cipitation formed by water vapor of external origin decreases. ActuaJ.ly the 
correlation of the moisture exchange coefficients with the sizes of the re
gions is not linear, for not very srnaJ.l areas. With larger sizes of the re
gions the average speed of flow of water vapor u dilllini~hes somewhat be-· 
cause of the effect exerted by the curvature of the trajectories of air 
particles .. 

For an evaluation of the effect of water vapor transfer in the atmosphere 
on the formation of precipitation we will present data. on ca1culations of 
moisture exchange components for the European USSR. The procedure for this 
computation is described in the investigation of the author and O.A. Drozdov 
( l.953 !§'fl), 

The data in table 19 indicated that the precipitation formed from local 
water vapor constitutes a very small portion of the total precipitation. 
For the whole yea:r, as well as the individ~ months, the moisture exchange 
coefficient exceeds 1 only slightly, which indicates that the mul.tiple 
inner moisture exchange concept .1as entirely wrong. 

In reaJ.ity, even in such large- regions of land as European Russia, only 
a very small. portion ( less than 131,) of the total. precipitation occurs re
peatedly due to utilization of local vapor. The main portion of precipi
tation which occurs on a specified region of l.and is farmed 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 
precipi ta.ti on, as calculations show, is formed by external water vapor but 
not of the local variety. 

We will not discuss here the influence of' local evaporation 
on the precipitation regime any longer, 2) but we vill only note the fact 
that the p1"oof of the incorrectness of the hypothesis, concerning the 

2) This probl.em including the conclusions concerning the stimulating 
effect of evapor~tion on precipitation, was analyzed in works by O.A. 
Drozdov and his associates. 
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multiple moisture turnover, permitted us to derive some conclusions about 
important problems of the amelioration theory. 

In conclusion we will note that, as is seen from the content of this 
chapter, the utiliza.tion of data on evaporation from the earth's surface 
pennits 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. It 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 beJ.ance climatology, which were accom
plished in recent years at the Central Geophysical Observatory and in other 
research institutes, provided ample factual data on geographical 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 a.reas) pennit us to assume 
that the amount of geographical knovledge of these elements, is not less 
than the knowledge of many basic meteorological elements ·at this time. The 
accuracy of the maps of the balance components is not lover than that of 
the maps of some meteorological elements, which are observed by the regular 
station network . 

Consequently, in contemporary cl.imatology we may use the de.ta on total 
re.diation, radiation balance heat losses for evaporation, and turbulent 
heat exchange, as well as the da.ta on temperature, humidity, precpitation, 
air pressure, cloudiness and wind. Thus, a marked increase in the number 
of principal factors which chare.cterize climatic conditions of various areas 
on the land and ocean is achieved. 

The production of mass materiel on the heat balance components, for 
various geographical regions, completes a certain stage in investigations 
of heat balance, connected with the establishment of the fundamentals of 
heat belence clinatology. 

Further development of the heat balance climatology requires, above all, 
an improvement of the methods for determining the heat balance components. 
An accumulation of d.a.ta on direct balance obsi::rve.tions by permanent hydro
meteorological stations is very important for this purpose. At the present 
titre, the few stations which measure the heat balance components have al
ready provided valuabl.e results for methodical developments. Organization 
of a broad network of bala.nce measuring stations will permit us to solve 
a number of important pra.ctical problems in heat balance climatology. At 
the same time, for a better development of heat balance investigations, 
further improvement is necessary in the clinatological calcula.tion methods 
of the balance components; this must be achieved by using observational 
data. obtained by the network of hydrometeorological stations. It is 
particularly vecy- important to develop a relatively simple but sufficiently 
reliable method for determining the heat balance components, for short 
periods, from observational data of the principal meteorological ~lements. 
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The application of data on many balance observations and results of more 
accurate climatological calculations should allow us to construct more de
tailed :maps _of the balance components (including microclima.tic maps for 
.smell regions)., and also to obtain extensive data on the hea.t balance 
anomalies. 

It can be asslL'!led that, further development of heat balance climatology 
will open new vistas for solving many problems in the hydrometeorological 
sciences. 

Among these problems are: the irnproverrent of methods for long range 
forecasting, development of the theory of climte and general circulation 
of the atmosphere, development of a climate classification scheme, estab
lishment of the microclimate theory, and devel.opment of the hydromelioration 
theory, as well as many other problems in meteorology and climatology. 

Aside from this, the solution of some problems in land and sea hydrology 
-would also involve data on heat balance ( as, for instance, the determina
tion of evaporation from land and vater surfaces, investigations of runoff 
formation, computa.tion of snow melt, forecasting of freezing and melting 
of reservoirs, investigations of sea currents, etc.). 

Further progress in heat balance climatology will be important for the 
advancement of many other geographical sciences beyond the limits of hydro
meteorology. Data on heat balance can be particularly used ( and are partly 
already in use) in glaciology, and also in solving many problems in paleo
geography. 

The application of heat balance results, to investigations of general 
geographical regularities, was started by A.A. Grigor 1ev. It Opened wide 
vistas for the study of causal laws operating in the forme.tion of the geo
graphical medium. It is conceivable that research in this direction will 
promote a convergence between physical geography and geophysics up to the 
point of a complete merging of methods, used in these two disciplines for 
solving a series of theoretical and practical questions. 
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