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1, I n t r o d u c t i o n  

Research  o n  the heat b a l a n c e  of the e a r t h  began i n  the n ine -  

t e e n t h  c e n t u r y ,  when a c t i n o m e t r i c  d e v i c e s  were deve loped  and csl- 

c u l a t i o n s  were made o f  changes  i n  solar r a d i a t i o n ,  reaching the 

o u t e r  boundary of t h e  e a r t h ,  as a f u n c t i o n  of t ho  l a t i t u d e  and  time 

of y e a r ,  I n  t h e  first h a l f  o f  the t w e n t i e t h  o e n t u r y  V, Schmidt,  

A. Ongster ,  F. A l b r m t , a n d  S, I. Savlnov de te rmined  t h e  components 

of t h e  h e a t  balance of the e a r t h ' s  s u ~ f a c c  for  e e p a r a t e  regions of 

t h e  e a r t h ,  

I n  1945-1974 i n  t h e  Main Qeophys i ca l  Obse rva to ry .  im* A. I, 

Voyeykov, r e s e a r c h  was c a r r i e d  o u t  en t h e  h e a t  b a l a n c e  of t h e  earth.  

T h i s  led t o  the Pormula t lon  of world maps of the components of t h e  

h e a t  b a l a n c e  o f  t h e  e a r t h ' s  surface f o r  e a c h  month and f o r  t h e  av- 

erage y e a r l y  c o n d i t i o n s ,  which were pub l i shed  i n  t h e  nAtlas of t h e  

Heat Balancen 151. As a r e s u l t  ef la te r  r e s e a r c h ,  t h e s e  naps  were 

g r e a t l y  r e f i n e d  and augmented t o g e t h e r  w i t h  s e v e r a l  maps o f  corn- 

oonents  of t h e  h e a t  ba l ance  af  t h e  Earth-atmosphere  s y s t e m ,  which 

w e r v  pub l i shed  i n  'Atlas of t h e  Heat Balance  of the E a r t h m  C61. 

During t h e  p e r i o d  a f t e r  t h e  p u b l i c a t i o n  of t h ?  second a t l a s  of 

h e a t  ba iance ,  a f rea t  deal  of m a t e r i a l  was acculnulsted frbm a c t i n o -  

m e t r i c  o b s e r v a t i o n s  on t h e  c o n t i n e n t s ,  pcNormed i n  regions 

where p r e v i o u s l y  there ware no a c t i n o m e t r i c  s t a t i o n s .  Dur ing  t h e s e  

years,of  great importance was t h e  e x t e n s i v e  material  from actino- 

m e t r i c  o b s e r v a t i o n s  on t h e  ocean ,  which made i t  p o s s i b l e  t o  esta- 

b l i s h  t h e  f e a t u r e s  of t h e  r a d i a t i o n  mode o f  b o d i e s  of wate r .  

A great d e a l  of a t t e n t i o n  should be g iven  t o  t h e  r e s u l t s  of 

s a t e l l i t e  o b s e r v a t i o n s  r e c e n t l y  performed on t h e  c h a r a c t e r i s t i c s  

o f  t h e  padlation mode, which have been r e p e a t e d l y  used t o  draw up 

world maps a f  the absorbed  r a d i a t i o n  and t h e  radiation ba lance  o f  

i x  margins  i n d t c a t e  f o r e i g n  p a g i n a t i o n .  



t h e  Esrth-atmisphere system, 

The development of s t u d i e 8  on t u r b u l e n t  d i f f u s i o n  made 

it p o s s i b l e  t o  r e f i n e  t h e  methods p r e o i o u s l y  used t o  c a l c u l a t e  

t h e  hea t  l o s t  I n  evapora t ion  and t u r b u l e n t  h e a t  exchange of  

t h e  Ear th ' s  surface with  t h e  atmoephere f a r  t h e  oceans. 

The accumulation of o b s e r v a t i o n a l  material and t h e  de- 

velopment o f  computat ional  methods t o  determine t h e  components 

of  the heat  balance made it p o s s i b l e  t o  draw up new world maps L4 
i n  1975 o f  t h e  components o f  t h e  h e a t  ba lance ,  which were 

more a c c u r a t e  as compared w i t h  maps publ ished p rev l sus ly .  

T h i s  problem was p a r t i c u l a r l y  p~ssaing due %a the f a c t  I 

t h a t  i n  t h e  l a s t  10-15 yea r s  t h e r e  has been wide use  of' mater- 

i a l s  on t h e  heat  balance i n  s t u d i e s  o f  t h e  theory  of t h e  c l i -  

mate, i n  s t u d i e s  of t h e  water  ba lance ,  and i n  s t u d i e s  of  many 

o t h e r  problems of meteorology, hydrology of land and oceanolo- 

L3Y 

T h i s  s tudy  p u b l i s h e s  s e v e r a l  world maps o f  t h e  components 

of t h e  heat  balance of t h e  E a r t h ' s  s u r f a c e  f o r  average y e a r l y  

cond i t ions  The m a t e r i a l s  shown on t h e s e  maps have been used 

i n  i n v e s t i g a t i n g  t h e  world 's  water  ba lance  [31] and i n  studies 

on t h e  theory  of  t h e  hea t  mode o f  t h e  atmosphere. 

The new informat ion  on t h e  h e a t  ba lance  of t h e  E a r t h ' s  

s u r f a c e ,  a long  w i t h  m a t e r i a l s  from s a t e l l i t e  o b s e r v a t i o n s  on 

t h e  r a d i a t i o n  balance of t h e  Earth-atmosphere system made it 

p o s s i b l e  t o  r e f i n e  t h e  p i c t u r e  o f  t h e  hea t  balance  of  t h e  

Earth,  which i s  given i n  a  f i n a l  form i n  t h i s  s tudy.  

I . M .  Beyev, O.D. Okhotin, Ye. F. Seleznev,  Ye. Ye. S f b i r ,  
N. I. Smirnov, Ye. M. Polynskaya p a r t i c i p a t e d  i n  t h e  d i f -  
f i c u l t  c a l c u l a t i o n s  of t h e  components of  hea t  balance.  



2. Method of  Determining Components of Heat Balance 

2 , l .  Shor t  wave r a d i a t i o n  on t h e  c o n t i n e n t s  

The a r r i v a l  o f  t h e  t o t a l  s o l a r  r a d i a t i o n  on t h e  s u r f a c e  

o f  t h e  Earth depends upon the l a t i t u d e  of t h e  l o c a t i o n ,  t h e  

d e c l i n a t i o n  o f  t h e  Sun, t h e  s t a t e  o f  t h e  atmosphere ( t r a n s p a r -  

ency, c l o u d i n e s s )  and t h e  n a t u r e  of t h e  under ly ing  s u r f a c e  

(a lbedo) ,  

A t  t h e  p resen t  t ime t h e r e  is a  g r e a t  amount of observa- 

t i o n a l  d a t a  on t h e  t o t a l  r a d i a t i o n  a l though t h e r e  a r e  r e g i o n s  

where t h e  number of  a c t i n o m e t r l c  s t a t i o n s  i s  smal l .  T h i s  i s  

due t o  t h e  f a c t  t h a t  t o  o b t a i n  t h e  necessary  informat ion  it 

I s  requ i red  t o  use i n d i r e c t  methods o f  c a l c u l a t i n g  t h e  t o t a l  

r a d i a t i o n .  These nethods are based on semi-empirical r e l a t i o n -  

s h i p s  making i t  p o s s i b l e  t o  c a l c u l a t e  t h e  s o l a r  r a d i a t i o n  based 

on m a t e r i a l s  from network measurements o f  t h e  b a s i c  meteoro- 

l o g i c a l  elements [lo, 353. 

The formulas f o r  de termining t h e  t ~ t a l  r a d i a t i o n  Q, ob- 

t a i n e d  on t h e  b a s i s  o f  p rocess ing  o b s e r v a t i o n a l  d a t a ,  u s u a l l y  

express  its dependence on t h e  s o l a r  r a d i a t i o n  which e i t h e r  

reaches  t h e  upper boundary of' t h e  Ear th  (PA) o r  t h e  s u r f a c e  of  

t h e  Ear th  under t h e  c o n d i t i o n  of a c l o u d l e s s  sky (QO), and /5 

a l s o  on t h e  amount of c loud iness  o r t h e  d u r a t i o n  of t h e  

sunshine S I  

The s tudy [ g ]  reached the conclus ion  t h a t  t h e  r e l a t i o n -  

s h i p  between t h e  t o t a l  r a d i a t i o n  and t h e  amount of  c louds  may 

be descr ibed w i t h  s u f f i c i e n t  accuracy by a r e l a t i o n s h i p  of  t h e  

t y p e  



where a end b are e m p i r i c a l  c o e f f l c i e n t a .  Thus t h e  average  

va lues  o f  t h e  c o e f f i c i e n t  a were found f o r  d i f f e r e n t  l a t i t u d e a  

and i t  was ahoun t h a t  t h e  c o e i f l o i r n t  b  may be aasumed t o  be 

c o n s t m t .  

T h i s  formula was used whencalcula t ing  t h e  i n i t i a l  d a t a  

l y i n g  at  t h e  b a s i s  of t h e  world monthly maps o f  t h e  t o t a l  

s o l a r  r a d i a t i o n . g i v e n  i n  p rev ious  a t u d i e s  [l, 31. 

During t h e  y e a r s  a f t e r  t h e  p u b l i c a t i o n  o f  t h e  "Atlas  o f  

t h e  Heat Balance of t h e  Ear thn  [ 6 3 ,  t h e r e  was a g r e a t  l n c r e ~ s e  

i n  t h e  m a t e r i a l  from a c t u a l  obse rva t ions  on t h e  t o t a l  padla- 

t i o n ,  e s p e c i a l l y  f o r  t h e  t r o p i c a l  and p o l a r  l a t i t u d e s .  Th i s  

made i t  p o s s i b l e  t o  v e r i f y  and r e f i n e  t h e  parameters  I n  formula 

( 1 ) .  

To use  t h i s  r e l a t i o n s h i p ,  i t  is  necessary  t o  o b t a i n  very 

re ] - i ab le  va lues  f o r  t h e  t o t a l  s o l a r  r a d i a t i o n  under t h e  con- 

d i t i o n  of  a  c l o u d l e s s  sky. Th i s  va lue  was found p rev ious ly  

131 u s i n g  a  method proposed by V. N. Ukraintaev. To o b t a i n  

t h e  l a t i t u d i n a l  behavior  o f  t h e  average  monthly va lues  of  QO, 

m a t e r i a l  from 70 s t a t i o n s  was used. These s t a t i o n s  were l o c a t e d  

on land p r i m a r i l y  . a t  l a t i t u d e s  o u t s i d e  t h e  t r o p i c a l  l a t i t u d e s  

of t h e  Earth.  

To r e f i n e  t h e  dependence obta ined p rev ious ly  f o r  t h e  pos- 

s i b l e  s o l a r  r a d i a t i o n  i n  the case o f  a c l o u d l e s s  s k y  on t h e  l a t -  

i t u d e ,  t h i s  s tudy used t h e  d a i l y  d a t a  from 190 p o i n t s  d i s t r i -  

buted uniformly over  t h e  c o n t i n e n t s ,  which g r e a t l y  inc reased  

t h e  volume of m a t e r i a l  p rev ious ly  used. 

Table 1 g i v e s  t h e  r e f i n e d  average monthly values of  t h e  

p o s s i b l e  t o t a l  r a d i a t i o n  f o r  d i f f e r e n t  l a t i t u d e s  o f  t h e  nor- 

t h e r n  and southern  hemispheres. 



An e s t i m a t e  of the d e r i a t i o n s  of t h e  v a l u e s  QO, p e r t a i n -  

i n g  t o  i n d i v i d u a l  p o i n t a ,  from t h e  average l a t i t u d i n a l  value8 

showed t h a t  t h e s e  f l u c t u a t e d  from 317%. When comparing t h e  

r e s u l t s  given i n  t h i s  t a b l e  w i t h  t h e  d a t a  ob ta ined  p rev ious ly  

C93, it  was found t h a t  i n  t h e  middle and lower l a t i t u d e s  t h e  

new va lues  were less t h a n  t h e  p rev ious  v a l u e s  by 4-55 on t h e  

average. I n  t h e  p o l a r  l a t i t u d e s  they  inc reased :  i n  t h e  nor- 

t h e r n  hemisphere, t h i s  i n c r e a s e  was 2-45, i n  t h e  sou the rn  hermi- 

sphere ,  i n  c e r t a i n  autumn months, i t  reached 10-121. The g r e a t  

ref inement  i n  t h e  va lue  of QO f o r  t h e  h igh  l a t i t u d e s  of t h e  

southern  hemisphere was due t o  t h e  development i n  t h e  l a s t  

15 yea r s  of an a c t i n o m e t r i c  network i~ t h e  A n t a r c t i c .  

TABLE 1. LATITUDINAI, DISTRIBUTION OF THE TOTAL RADI- 

ATION UNPBR COiqDITIONS OF A CLOUDLESS SKY 

Qn(kcal.'(crn2 month)). 

* T r a n s l a t o r ' s  Note : Comas r e p r e s e n t  decimal p o i n t s  

As has a l ready  been noted ,  when c a l c u l a t i n g  t h e  t o t a l  

r a d i a t i o n  some r e s e a r c h e r s  did  not  use  t h e  value  of' QO, but  

d a t a  on t h e  a o l a r  r a d i a t i o n  reach ing  t h e  upper  boundary of 

t h e  atmosphere QA. The average  l a t i t u d i n a l  v a l u e s  of t h e s e  

q u a n t i t i e s  are given i n  Table 2 f o r  t h e  n o r t h e r n  hern3sphere. 



TABLE 2, UT1"MIDTNAL DISTRIBUTION OF THE SOLAR RADIA- 

TION RMCHINQ THE UPPER BOUNDARY OF THE ATWS- 

PHERB QA keal/(cm2 month). 

- 
I,? 

9 ,Q 
14.2 

The estimate of the relationships between QO and QA show 

that the attenuation of the solar radiation in a cloudless at- 

mosphere due to its absorption and scattering is about 25% for 

the year. 

Using the new material on the values of the coefficient 

b given in formula (I), Verifioation confirmed the values aa- 

sumed earlier. 

As already noted, allowance for the influence of cloudi- 

ness on solar radiation reaching the surface of the Earth m y  

be made by a two-sided method: directly from visual data on 

the amouxit of clouds or with the use of instrument abeervations 

-- recording the duration of the solar Illumination. 

In the equatorial and tropical regions, where the actino- 

metric network l a  w i d e l y  s p a c e d ,  apart from data on clour~i- 

ness, a large volume of material on heliographic observations 

has been accumulated, making it possible t o  use the dependence 

between the total radiation and the relative duration of solar 

illumination far conditions at low ?atitudes. For this purpose 



t h e  corresponding data an Africa, Asla, and Australia were 

given. The r e s u l t s  of t h e  o a l c u l a t i o n s  c o n f i m d  t h e  ocour- 

rence  of a l i n e a r  r e l a t i o n s h i p ,  ob ta ined  previously by Ongater 

u s i n g  o b s e r v a t i o n a l  materials i n  t h e  moderate zone [44] i n  t h e  

form 

A cenrpariaon o f  t h e  average  monthly v a l u e s  of t h e  t o t a l  

r a d i a t i o n ,  c a l c u l a t e d  baaed on d a t a  from t h e  h e l i o g r a p h i c  net- 

work of  South America, w*th t h e  data of acr.*tal o b s e r v a t i o n s  

showed t h a t  t h e  computat ional  e r r o r s  d i d  no t  exceed R d S O X .  

I n  t h i s  s tudy  when it  was necessary  t o  i n c l u d e  materials 

from an i n d i r e c t  c a l c u l a t i o n  a f  t h e  t o t a l  r a d i a t i o n ,  p r i m a r i l y  

t h e  r e l a t i o n s h i p  ( 2 )  was used, s i n c e  d a t a  an t h e  d u r a t i o n  ef 

the  s o l a r  i l l u m i n a t i o n  a r e  more r e l i a b l e  t h a n  v i s u a l  observa- 

t i o n s  on the cloudiness .  

TCI determine the absorbed s o l a r  r a d i a t i o n ,  it 18 necessary  

t o  use data on t h e  r e f l e c i i v e  c a p a c i t y  (Albedo) of d i f f e r e n t  

n a t u r a l  s u r f a c e s  of  t h e  Earth.  A cornpariaan of  t h e  va lues  o f  

albedo,uaeb when fo rmula t ing  t h e  inaps of t h e  "At laa  o f  t h e  Heat 

Balance of t h e  Earthn [6J ,wi th  d a t a  ob ta ined  by s e v e r a l  a u t h o r s  

i n  t h e  l a s t  f i f t e e n  years confirmed t h e  great accuracy o f  t h e  

va lues  given i n  t h e  a t l e s ,  with t h e  excep t ion  of t h e  value8 f o r  

t h e  t r o p i c a l  forest, whose albedo,  based on new measurements 

[49] is 12%. T h i s  was used i n  t h i s  s tudy when c a l c u l a t i n g  t h e  

absorbed r a d i a t i o n .  

2.2. E f f e c t i v e  r a d i a t i o n  of the s u r f a c e  o f  t h e  land. 

To determine t h e  r a d i a t i o n  of  t h e  E a r t h ' s  s u r f a c e  R ,  which 

r e p r e s e n t s  t h e  d i f f e r e n c e  between t h e  absorbed shortwave s o l a r / 8  
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i n  a d d i t i o n  t o  m a t e r i a l s  on t h e  t o t a l  s o l a r  r a d i a t i a n  Q and the 

t o t a l  a lbedo 'b. , d a t a  are necessary an t h e  e f f e c t i v e  r a d i a t i o n  

I, which r e p r e s e n t s  t h e  d i f f e r e n c e  between t h e  long wave radia- 

t i o n  o f  t h e  under ly ing s u r f a c e  and t h e  absorbed p o r t i o n  o t  t h e  

oncoming r a d i a t i o n  o f  t h e  atmosphere. Bcoauae o f  t h e  f a c t  t h a t  

there are no mass d a t a  on t h e  fluxes o f  long  wave r a d i a t i o n  a t  

s t a t i o n s  o f  t h e  warldwide a c t l n o m e t r i c  network, f o r  d e t e r a l n l n g  

t h e  e f f e c t i v e  r a d i a t i o n ,  t h e o r e t i c a l  and semi-empirical  method8 

a r e  used which cons ide r  bhe dependence of  t h e  e f f e c t i v e  r a d i a t -  

i o n  on t he  tempera ture  of t h e  e m l t t l n g  s u r f a c e ,  t h e  tempera ture ,  

and t h e  humidity--of t h e  a i r  and c loud iness .  When determining 

t h e  va lues  o f  t h e  r a d i a t i o n  balance ,  which l i e  a t  t h e  b a a i s  o f  

previous ly  publiohed mapa. 15, 61, t o  c a l c u l a t e  t h e  e f f e c t i v e  

r a d i a t i o n ,  a method was used developed i n  t h e  Main Geophysical 

Observatory [ 8 ]  and waa r e f i n e d  based on o b e e r v a t i o n a l  m a t e r i a l s  

from t h e  a c t i n o m e t r i c  s t a t i o n s  of t h e  USSR.[21]. 

Based on t h e  e x i s t i n g  o b s e r v a t i o n a l  m a t e r i a l 8  ( b a s i c a l l y  

t h e  ac t inomet r i c  s t a t i o n s  of t h e  S n v l e t  Union) t h e  v a l u e s  o f  t h e  

e f f e c t i v e  r a d i a t i o n  a r e  determined a s  t h e  d i f f e r e n c e  of t h e  

shortwave and t o t a l  r a d i a t i o n  ba lances ,  and consequently lnc lude  

measurement e r r o r s  f o r  t h e s e  elements.  I n  a d d i t i o n  t o  random 

e r r o r s ,  t h e r e  i s  a sys temat ic  va lue  of t h e  e f f e c t i v e  r a d i a t l o n  

which is t o o  low due t o  t h e  lower s e n s i t i v i t y  of t h e  t h e m o -  

e l e c t r i c  balance metera t o  long  wave r a d i a t i o n ,  a s  compared wi th  

shortwave, which I s  used t o  c a l i b r a t e  t h e  equipment. Based on 

an estimate of' Yu. D. Yanishevskiy, t h e  va lue  o f  t h e  s y s t e m a t i c  

e r r o r  o f t h e  t h e r m o e l e c t r i c  ba lance  metera whenmeasuring t h e  

long wave r a d i a t i o n  is about 8-101. When r e f i n i n g  t h e  dependence 

of t h e  e f f e c t i v e  r a d i a t i o n  on t h e  e l a s t i c i t y  of water  vapor baaed 



or& observational materials from actlnolattrio r t a t i o n s  of the 

USSR, thi8 systematic error wa3 taken into account by inoreasing 

t h e  ef fect ive  r a d i a t i o n  by 8% i n  the case o f  a cloudle8s 8ky [21]. 

The tomula found p rev ious ly  (6,221 far calculating the av- 

erage rum over many months of t h e  e f f e c t i v e  r a d f a t f o n  has t h e  

form 

I -td'(f 1 *4 --Odsr)(l -.~lt)+4f, 

( 4 1  

where @ . a are the average  monthly v a l u e s  of' t h e  tamperaturn 

of t h e  air(K), t h e  e l a s t i c i t y  o f  water  vapor (a), and t h e  t o t a l  

c loud iness  ( p o r t i o n s  o f  a u n i t ) ;  c - c o e f f i c i e n t  cons fde r ing  

t h e  i n f l u e n c e  of cloudiness f o r  r a d i a t i o n  L6.223; 8 - I n t e g r a l  

r a d i a t i o n  c a p a c i t y  of t h e  s u r f a c e  o f  land,  e q u a l i n g  0.95; Q 

4 - Stephan-Baltzmann cons tan t  (cal/cm2 min K ) 1; u-- cor-  

r e c t i o n  f o r  e f f e c t i v e  r a d i a t i o n  p r a p ~ r t l o n a l  t o  t h e  tempera ture  

d i f f e r e n c e  between t h e  under ly ing s u r f a c e  TQ,) and t h e  a i r  (e), /9 

determined acoordtng t o  t h e  heat ba l snce  method [22]: 

The forms used f o r  t h e  dependence of e f f e c t i v e  r a d i a t i o n  

on c loud iness  and t h e  tempera ture  d i f f e r e n c e  between t h e  under- 

l y i n g  s u r f a c e  and t he  a i r  were c o n f i r a e b  by m a t e r i a l s  from 

ac t inomet r i c  obse rva t ions  of the network of USSR s t a t i o n s .  A 

de te rmina t ion  was a l so  made of' t h e  e r r o r  of c a l c u l a t i n g  t h e  

monthly value8 of t h e  e f f e c t i v e  r a d i a t i o n  us ing  t h e  values  of  

meteorologica l  elements  i n  formula (4) f o r  dxfferent averaging 

p e r i ~ d s .  As was shown I n  1231 t h e  e r r o r  due t o  uaing t h e  average 

monthly valces of t h e  meteorological elements  was less than 1% 

i n  almost 90% of  t h e  c a s e s ,  i . e , ,  one o r d e r  of magnitude less 

than  t h e  e r r o r s  for t h e  method of determining t h e  monthly awns 

o f  eifective radl.' ion. 



A comparlron made for 50 r t a t l o n r  i n  t h e  Soviet union1 rhowtrd 

t h a t  t h e  di:f'erenees I n  the oalculated and cp.a.ured 137 3 y e a r l y  

sum of effective radiation d l d  not exceed 101 i n  60s of the 

caue8 and we* less t h a n  151 in 8OI of the oaaer. The d l f f -  

ercnces i n  M e  yearly sums of t h e  r a d i a t i o n  balmce, obtalned 

by calculation. and f'rm observational dtkta, d i d  not exceed 102 

i n  %%of the cases and 155 in 75% of t h e  cases, 

It fo l lows from t h e  exist ing materiab t h a t  t h e  average 

error of t h e  c a l c u l a t e d  rums of t h e  r a d i a t i o n  balance  is  about 

101, 

2.3, Radia t ion  balance of t h e  s u r f a c e  of t h e  ocean8 

The r a d l a t l o n  balance of t h e  s u r f a c e  o f  t h e  world's ocean 

was determined by c a l c u l a t i o n s  us ing  a method developed on t h e  

b a s i s  o f  g e n e r a l i z i n g  materials from s h i p  ace inometr ic  observa- 

t i o n s  1203. The fo l lowing formuls was used f o r  t h i s  ca lcu la -  

t i o n  

where Q2 I s  t h e  t o t a i  s o l a r  r a d i a t i o n  f o r  a cloudle~s 8P:- (pos- 

'~hese s t a t l o n n  were l o c a t e d  i n  d i f f e r e n t  c l i m a t i c  zones an t h e  
European par t  of t h e  USSR (Arkhangel 'sk, Kargopoll ,  Voyeykova 
Tar tu*  Gork'iy,  Moscow, Minsk* Pinak, V a s i l e v i c h l ,  Kursk, Ksmen- 
naya Step1* Kuybyshev, Kiev* P o l t a r a ,  Voigograd, Kirh lnsv ,  O- 
dessa ,  Sa l ' sk ,  Astrakhan*,  Sochl )  and on t h e  Asian p a r t  of t h e  
USSR (Olenek, S a l c t h o r d ~  Srednekolymsk, Turukhansk, Oymyakon, 
la rkovo,  Verkhoyansk, Yeniseysk, Yakutsk, Aldan, Vy8okaya Dub- 
rava ,  Omsk, Nirvosibirsk, Kircnsk, J r k u t s k ,  S k o v ~ r c d i n o ,  Borzya, 
Chltavlm.Pollny Osepenko. t u n d r a ,  Tsel lnograd,  Scmlpa la t insk ,  
Khabarovrk, F. Shevchcnko, Aral fskoye More, Alma-Ata, Tashkent ,  
Sad-Gorod* Dushanbe, Ashkhabad* Tcmcz). 



s i b l e  r a d i a t i o n ) ;  f l n )  - func t ion ,  detemmined by t h e  dependence 

of  t h e  t o t a l  r a d i a t i o n  on t h e  c loudiness ;  - albedo o f  the / l o  

sur face  of  t h e  ocean; s - I n t e g r a l  r a d i a t i o n  c a p a c i t y  o f  a water 

s u r f w e  which e q u a l s  0.91; % - tempera ture  of the water sur -  

f ace  i n  degrees  Kelvin; *-. - r a d i a t i o n  o f  t h e  atmosphere f o r  

a  c l o u d l e s s  sky; n  - t o t a l  c loud iness  i n  p o i n t s ;  k, m - parame- 

ters cons ide r ing  t h e  i n f l u e n c e  of' c loud iness  upon t h e  r a d i a t i o n  

of  t h e  atmosphere; - e m p i r i c a l  c o e f f i c i e n t  cons ide r ing  t h e  d i f -  
% fe rence  between and i$. . 

The values  of  t h e  t o t a l  s o l a r  r a e i a t i o n  f o r  a c l o u d l e s s  sky 

QO were c a l c u l a t e d  a s  a f u n c t i o n  o f  t h e  s o l a r  a l t i t u d e  a t  f i x e d  

i n t e r v a l s  o f  t h e  atmospheric  t r ansparency  c o e f f i c i e n t  p2. The 

study [20] gave t h e  va lues  of  t h e  p o s s i b l e  t o t a l  r a d i a t i o n  at  

p2 = 0.75. The fo l lowing r e l a t i o n  was used t o  change t o  t h e  d a i l y  

sums f a r  o t h e r  va lues  o f  t h e  atmospheric  t r ansparency  c o e f f i c i e n t  

where t h e  c o e f f i c i e n t  a  c h a r a c t e r i z e s  t h e  i n f l u e n c e  of d i f f e r e n t  

midday heights  o f  t h e  sun and t h e  t r ansparency  c o e f f i c i e n t s  p  . 
2 

The use  of  t h e  atmospheric  t ransparency c o n d i t i o n s  over  t h e  

world's ocean showed d i f f e r e n c e s  i n  t h e  va lues  of  p2.  i n  i n d i v i d u a l  

oceans. It was found t h a t  t h e  va lues  of  p2 i n  t h e  P a c i f i c  and 

Indian Oceans were s i m i l a r ,  whereas i n  t h e  A t l a n t i c  t h e y  were l e s s ,  

p a r t i c u l a r l y  a t  t h e  e q u a t o r i a l  and t r o p i c a l  l a t i t u d e ,  due t o  a  

d i f f e r i n g  i n l i u e n c e  upon t h e  atmosphere of  t h e  surrounding oceans 

of t h e  c o n t i n e n t s  [19]. Taking t h e s e  d i f f e r e n c e s  i n t o  account ,  

t a b l e s  were drawn up fc-  t h e  average l a t i t u d i n a l  va lues  of t h e  

monthly s - i m s  s f  p o s s i b l e  r a d i a t i o n ,  c h a r a c t e r i z e d  f o r  t h e  A t l a n t i c  

Ocean ITable  3 3 ,  P a c i f i c  Ocean and t h e  Indian  Oceans [Table 41. 



FOR THE 

TABLE 4.  MONTHLY SUMS OF THE POSSIBLE TOTAL RADIATION FOR 
THE PACIFIC AND INDIAN O C E A N S ( ~ C ~ ~ / ( C ~ ~  month)). 

Lat i 

The a t t e n u a t i o n  of t h e  p o s s i b l e  r a d i a t i o n  by t h e  c loud  

c o v e r  i s  de te rmined  as t h e  f u n c t i o n  of t h e  t o t a l  amount o f  c l o u d s  

and the midday h e i g h t  of t h e  sun.  The c o r r e s p o n d i n g  r e l a t i o n s  

f ( n )  are given in [20]. However i t  i s  d i f f i c u l t  t o  use them when 

c a l c u l a t i n g  t h e  average values of t h e  t o t a l  r a d i a t i o n  due t o  i n -  

adequate data  r e g a r d i n g  t h e  f requency  of  each p o i n t  f o r  t h e  c louds .  

There  a re  o n l y  d a t a  r e g a r d i n g  t h e  ave rage  p a i n t  o f  c l o u d i n e s s  for 

t h e  w a t e r  area of t h e  oceans. Due t o  t h i s  Table  5 i s  proposed  for 

12 



use in climatological calculations of radiation, which contains 

the value QiQb a8 a function of the average mount of tatal 

cloudiness (in points) obtained from data regarding the  frequency 

of each point for the total amount of clouds [7]. 

TABLE 5. DEPENDENCE OF THE RATIO B/Q ON THE HEIQHT OF THE 
SUN AT :IIDDAY hi.i AND THE A&RAPE AMOUNT OF CLOUDS N 

(WITH ALLOWANCE FOR FREQUENCY) . 

The v a l u e s  o f  t h e  midday h e i g h t s  o f  the  sun on t h e  avet*age 

f o r  each month are g i v e n  i n  1333. 

A t a b l e  from t h e  "At las  o f  the  Heat Balance of  the Earthn 

was used t o  determine the albedo of t h e  ocean surface [ 6 ] .  These 

data closely c o i n c i d e  w i th  t h e  results of ac t inometr i c  observa- 

t i ons .  The s t u d y  [26) shows that  t h e  d i f f e r e n c e  between both 

groups of  data does  not exceed  0.01, and I n  t h e  major i ty  sf cases 

t h e  values coincide. 

The r a d i a t i o n  o f  t h e  atmosphere for a elaudless sky was 

determined as a func t ion  o f  t h e  a i r  temperature Q according  to 

t h e  formula 

Id - 3 l .63 1 P- 0,775. ( 8 )  

The in f luence  o f  c l o u d i n e s s  upon t h e  radiat ion tsf t h e  

atmosphere was cons idered  by us ing  t h e  formula 
1 3  



The empirical coefficient k in this formula is determined as a 

functlon of the air temperature % (Table 6). 

Tmfg 6 .  VALUES OF THE COEFFICIENT 
k 

The coefficient #,, which considers the difference between 
2 

; and2.was used in calculating the values of radiation (9). 
The factor 8 changes from 1.00 for a cloudiness of 0 and 10 

points to 0.98 for a cloudiness of 3-6 points. 

2.4. Loss of heat in evaporation from the surface of the 
I 

land. 

The ioss of heat in evaporation is determined as a product 

of the latent heat of vaporation by the evaporation quantity. 

Since the latent heat of evaporation changes with a temperature 

c h a ~ g e  in the evaporating surface very slightly, a constant value 

of the specific heat of evaporation L, which equals 0.6 kcal/g 

was used in calculating the loss of heat to evaporation. 

To calculate the monthly values of evaporation from land, 

a complex method was used based on the concurrent solution of 

the equations of heat and water balances and the experimentally 

established dependence of the evaporation rate on the soil humidity 

[15, 16, 171. The following formulas were used in this method 

113 

where E and E are the monthly s u m o f  evaporation and evaporativity; 
0 



w y F+$E? - 
* - amount of productive moisture whioh i e  averaged 

over t h e  month i n  t h e  8011 l aye r  which i s  act lve f o r  vegeta t ion;  

w and w2 - amount of  productive moitature a t  t h e  beginning and end 
1 

of t h e  month; wo - c r i t i c a l  value of t h e  productive moisture of 

t h e  s o i l  above which t h e  evaporation equals  t h e  evapora t iv i ty .  

i With the concurrent so lu t ion  of equat ions  (10) and (11) with 

the  equation f o r  t h e  water balance 

i 1 
r - E  ; - p - i a  (12) 

1 : ( - a t ;  - change i n  t h e  product ive  mois tu re .  
I i n  t he  a c t i v e  s o i l  l aye r  where b a s i c a l l y  c i r c u l a t i o n  occurs; f - 

discharge)  t h e  following formulas are obtained f o r  detrrrnlning 

the  moisture: 
at: - I - 

E 
I - )  rl 

i + --E 
.&*. -..o 

(13) 

f o r  months when Z1<:'oI 

t4?P-rw,+r- f -& 

f o r  months when @ > P o ,  

The formulas (101, (11).  (13) and ( 1 4 )  make i t  poss ib le  t o  

ca l cu l a t e  the  monthly values of t he  evaporation using t h e  well- 

known monthly values of evapora t iv i ty ,  rairl, and rull-oft'. 

When there i s  no informetion regard1r.g the  18un-ofC, the 

formulas (15) and (16) may be used which e s t a b l i s h  t h e  dependence 

a f t h e  t*ilrl-i 'f ' l '  on the  r-sln . evapora t iv i ty  and moisture of 

t h e  soil: 
w 

f=- e- ,, a t  f<& (15 > 
a t  c-- EO (16 1 

1 

j 

15 
ji 

1 



(wk - product ive  mois ture  c a p a c i t y ,  a - dimensionless  propor- 

t i o n a l i t y  c o e f f i c i e n t  which depends on t h e  i n t e n s i t y  o f  t h e  

r a i n  and i n c r e a s e s  w i t h  an i n c r e a s e  i n  t h e i r  i n t e n s i t y ) .  

The s o l u t i o n  o f  e q u a t i o n s  (15)  and (16)  t o g e t h e r  wi th  formulas 

(10)  - (12) makes i t  p o s s i b l e  t o  de termine  t h e  monthly v a l u e s  o f  

t h e  p roduc t ive  mois ture  o f  t h e  s o i l  and t h e n  t h e  mois ture  v a l u e s  

o f  t h e  evapora t ion  and run-off u s i n g  formulas (10 - 13) .  The 

y e a r l y  v s l u e s  o f  evapora t ion  a r e  found by summing t h e  monthly 

va lues .  1 

The l a y e r  o f  t h i c k n e s s  o f  1 meter  i s  used a s  t h e  a c t i v e  s o i l  

l a y e r ,  s i n c e  t h e  b a s i c  mass of  t h e  r o o t s  o f  v e g e t a t i o n  is  concen- 

t r a t e d  i n  i t  and t h e r e  i s  t h e  g r e a t e s t  change i n  t h e  mois ture  re- 

s e r v e s  wi th  time. These changes are u s u a l l y  much less below a  

l a y e r  of  a  meter. 

1'14 

The monthly va lues  of  t h e  evaporat iv ' ty  Eo may be c a l c u l a t e d  

by t h e  complex method 115, 163. This  method c o n s i d e r s  t h e  b a s i c  

f a c t o r s  which determine t h e  e v a p o r a t i v i t y :  r a d i a t i o n  balance ,  

temperature,  and humidity o f  t h e  a i r ,  t u r b u l e n t  exchange. The 

e v a p o r a t i v i t y  Eo i s  ca lcu la tedbyformula ( l7 )  which e s t a b l i s h e s  

t h e  p r o p o r t i o n a l i t y  of evapora t ion  from a  moist  s u r f a c e  t o  t h e  

d e f i c i t  of  t h e  a i r  humidity,  determined from t h e  tempera ture  of 

t h e  evapora t ing  s u r f a c e  

(Eo  - e v a p o r a t i v i t y ;  p - a i r  d e n s i t y ;  D - i n t e g r a l  c o e f f i c i e n t  

of  e x t e r n a l  d i f f u s i o n ;  e, - s p e c i f i c  humidity of  a i r  s a t u r a t e d  

w i t h  water vapor a t  a  s u r f a c e  tempera ture  of be ; e-spec- 

i f i c  humidity of  t h e  a i r ) .  

The t e n p e r a t u r e  of  t h e  s u r f a c e  Ow i s  determined from t h e  

equa t ion  f o r  t h e  land hea t  ba lance  under t h e  c o n d i t i o n  of  i t s  

adequate mois ture  



Where the radiation balance @-hu4*(&-8! - r&dl4%- 

tion balance of the moist surfaoe determined when calculating the 

effective radiation using the air temperature 'b: ; s - coefficient 
characterizing the  properties of the emitting surface), turbulent 

heat flux B-PC@(&--Q) (ct- heat crapaalty ,of the aip; 3 m 

heat flux between the land surface and the underlying layers; L - 
latent heat of evaporation), Calculating the radiation balance 

RO and the heat flux in the soil B 1161, and knowing @ and e from 

meteorological observations, using the equation of heat balance 

we may determine the values of the quantities O r  and e, which 

are interrelated by the empirical formulas for the dependence of 

the elasticity of the saturated water vapor on temperature (the 

Magnus formula). The evaporativity calculationa were performed 

for the monthly time intervals. After determining e,, and using 

formula (17) the monthly values of Eo are found. The yearly va- 

lue of evaporativity is determined by summing the monthly val~es. 

The coefficient of external diffusion D is assumed to equal 0.63 

cm/sec in the calculations [15]. Estimates show that the influ- 

ence of a change in the coefficient D on evaporativity is small 

115, 311. 

Using the method examined, when compiling the "Atlas of the 

Heat Balance of the Earth" 161 the yearly and monthly values of 

evaporativity, and the yearly and monthly maps of evaporativity 

for Rarth were drawn up based upon them 124). During this invest- 

igation, t h e  values for the humidity deficit, determined from the 

average nonthiy values for the temperature and the air humidity, 

were refined by introducing a correction caused by a nonlinear 

characteristic of the dependence of the saturated water vapor 

elasticity upon temperature (Oltdekop correction). This cor-/l5 

rection may amount to 2 - 3 mmlmonth, In moist regions it is 

small and as a rule amounts to fractions of millimeters per 

month. Allowance for this correction led to an increase in the 

monthly and yearly values of evaporativity which in certain re- 

gions amounted to 5% for the year and 10% for certain months. 



The r e f i n e d  va lues  of t h e  r a d i a t i o n  ba lance  were used i n  

e v a p o r a t i v i t y  c a l c u l a t i o n s  [l, 3, 303. The e v a p o r a t i v i t y  v a l u e s  

inc reased  up t o  20% i n  c e r t a i n  moist  e q u a t o r i a l  r e g i o n s  due t o  

t h i s  ref inement ,  as compared wi th  t h e  preceding va lues  [24]. 

The values  of t h e  c r i t i c n l  humidity which are necessa ry  

f o r  t h e  c a l c u l a t i o n s  were determined by p r o c e s s i n g  t h e s e  m a t e r i a l a  

on t h e  water  ba lance  o f  t h e  s o i l .  Depending on t h e  geograh ica l  

c o n d i t i o n s  and t h e  time of  year, t h e  average rounded o f f  va lues  

o f  w0 f o r  t h e  upper meter l a y e r  of  t h e  s o i l  changed b a s i c a l l y  

from 100 t o  300 m i l l i m e t e r s  p e r  month [31]. 

Using data on t h e  d i spharge ,  t h e  p r o p o r t i o n a l i t y  coeff -  

i c i e n t  a i n  formulas f o r  e s t a b l i s h i n g  t h e  d i scharge  (15) and 

(16)  was determined by reg ion ,  The va lue  o f  a was found t o  

equal  0.2 f o r  t e r r i t o r i e s  t o  t h e  n o r t h  o f  45 O n o r t h  l a t i t u d e s  

f o r  d e s e r t s ,  t r o p i c a l  semi-deserts  and f o r  d ry  savannas. For 

r e g i o n s  wi th  abundant r a i n ,  t h e  c o e f f i c i e n t  a equals 0.6; 

f o r  t h e  remaining t e r r i t o r y  i t  i s  c l o s e  t o  0.4 [31]. 

I n  t h e  c a l c u l a t i o n s  t h e  va lues  o f  t h e  p roduc t ive  s o i l  mois- 

t u r e  capac i ty  of wk was assumed t o  equa l  200 meters  p e r  meter 

l a y e r  of  s o i l  (average  value  of t h e  s m a l l e s t  s o i l  mois ture  capa- 

c i t y ) ,  wi th  t h e  except.ion of  c e r t a i n  r e g i o n s  of  excess ive  mois- 

t u r e  *where wk = 350 was used i n  t h e  c a l c u l a t i o n s  ( a  va lue  c l o s e  

t o  t h e  average t o t a l  s o i l  mois ture  c a p a c i t y ) .  

The c a l c u l a t i o n s o f  t h e  s o i l  mois ture  were performed f o r  

t h e  e n t i r e  per iod  w i t h  a g r e a t  change i n  t h e  mois ture  of t h e  

s o i l  meter l a y e r ,  B a s i c a l l y  t h i s  per iod  c o i m i d e s w i t h a  pe r iod  

of p o s i t i v e  a i r  tempera tures ,  The e q u a t i o n s f o r  de termining t h e  

s o i l  mois ture  f o r  a l l  o f  t h e  months wi th  p o s i t i v e  tempera tures  

were solved by t h e  method of success ive  approximation C16, 1 7 ,  

In  c a l c u l a t i o n s  of s o i l  mois ture  f o r  t e r r i t o r i e s  wi th  h igh  

p o s i t i v e  a i r  tempera tures ,  throughout t h e  e n t i r e  yea r ,  it was 



advantageous t o  begin  t h e  c a l c u l a t i o n s  from the and o f  the 

r a i n y  period.  I n  t h i s  c a s e  it may be aaaumed t h a t  t h e  q u a n t i t y  

w i s  c l o s e  t o  woo 
1 

Afte r  de termining t h e  average monthly va lues  of t h e  s o i l  

moisture,  t h e  monthly v a l u e s  of evapora t ion  were found u s i n g  

equa t ions  (10) and (11).  

A c r i t e r i o n  f o r  t h e  v a l i d i t y  o f  t h e s e  c a l c u l a t i o n s  i s  

t h e  s a t i s f a c t i o n  of the water balance  e q u a t i o n  ( r f f E + /  far 
t h e  yea r  and t = d + f + @ z d ' - " t  f o r  months). . 

In  t h e  method examined t h e  va lues  of  wg aiTe used which are 

averagedin t4-e l imi ts  of l a r g e  t e r r i t o r i e s ,  The e s t i m a t e s  made f o r  

d i f f e r e n t  c l i m a t i c  c o n d i t i o n s  showed t h a t  t h e  change i n  wo i n  a 

very wide i n t e r v a l  l e a d s  t o  a  comparat ively small c h a ~ g e  i n  t h e  

r a t i o  0 and t h e  monthly va lues  of  evapora t ion  connected wi th  

them, 

An a n a l y s i s  of  t h e  m a t e r i a l s  on t h e  dynamics o f  s o i l  mois ture  

[18] i s  a t  t h e  b a s i s  o f  t h e  assumption assumed i n  t h e  c a l c u l a t i o n  

f o r  t h e  cons tan t  s o i l  mois ture  throughout t h e  w i n t e r  per iod .  This  

showed t h a t  t h e  movement of moisture t o  t h e  s u r f a c e ,  which occurs  

when t h e  s o i l  i s  f rozen,  i s  cons ide rab le  f o r  average c o n d i t i o n s  

i n  r r g i o n s o f  excess  and adequate moisture,  S ince  under these 

c o n d i t i o n s  t h e  evapora t ion  i s  c l o s e  t o  t h e  e v a p o r a t i v i t y ,  allow- 

ance f o r  t h e  a u x i l i a r y  mois ture  does no t  have a gmat i n f l u e n c e  

upon t h e  evapora t ion  c a l c u l a t i o n s ,  The p e n e t r a t i o n  i n t o  t h e  s o i l  

of water  dur ing  a th ,~w as  a r u l e  does not  change t h e  mois ture  ba l -  

ance of t h e  meter l a y e r ,  o r  changes i t  i n s i g n i f i c a n t l y .  

It i s  very complex t o  determine t h e  accuracy of  t h e  evapora- 

t i o n  c a l c u l a t i o n s  s i n c e  not  one of  t h e  e x i s t i n g  methods f o r  d e t e r -  

mining evapora t ion  can be assumed t o b e  a r e f e r e n c e  method. Thus, . 



t o  d e t s m l n e  t h e  r e l i a b i l i t y  o f  evapora t ion  o a l c u l a t i o n i  by 

t h e  ae thods  cons idered ,  a comparison was made o f  t h e  c a l c u l a t e d  

monthly and y e a r l y  v a l u e s  of' evapora t ion  w i t h  t h e  value8 d e t e r -  

mined by o t h e r  independent methods -- t h e  mb~hod  of h e a t  balance 

[10,34], water balance  and t h e  method o f  d e t e m i n l n g  t h e  svapora-  

t i o n  by evapora to r s  117, 29, 311. Theat comparisons showed t h a t  

a l l  of t h e  methods examined (except  f o r  t h e  method of evapora to r8  

which was used i n  a zone of inadequate  mois tu re )  agreed s a t i s f a c -  

t o r i l y  between each o t h e r .  Thus, t h e  accuracy of t h e  r e s u l t s  

from u s i n g  t h e  complex method was comparable wi th  t h e  accuracy 

o f  t h e  methods o f  h e a t  and water ba l snce ,  and i n  some c a s e s  had 

an  advantage over  t h e  method of determining evapora t ion  by means 

of evapora to r s  1311. The t u r b u l e n t  h e a t  f l u x  between t h e  land 

s u r f a c e  and t h e  atmosphere P was determined as t h e  r e s i d u a l  

term of the h e a t  ba lance  equat ion .  For the y e a r l y  pe r iod  P wau 

assumed t~ equa l  the  d i f f e r e n c e  between the r a d i a t i o n  balance  and 

t h e  heat  l o s s  t o  evapora t ion .  For s h o r t e r  p e r i o d s ,  a p a r t  from 

t h e  hea t  l o s s  t o  evapora t ion ,  i t  is necessary  t o  s u b t r a c t  t h e  

hea t  f l u x  i n t o  t h e  s o i l  dur ing  t h i s  pe r i od  from the r a d i a t i o n  

balance.  

2.5. Heat lcss t o  evapora t ion  from t h e  ocean s u r f a c e  ~ n d  

t .urbulent hea t  exchange between t h e  ocean s u r f a c e  and t h e  atmos- 

phere. 

To determine t h e  t u r b u l e n t  hea t  f l u x e s  P and t h e  mois ture  

E above the oceans,  a computat ional  method was used 127,  based 

on t h e  fo l lowing formulas 

where 8 - a i r  d e n s i t y ;  &, - s ~ c i f b  heat c a p a c i t y  of t h e  a i r ;  

- heat  exchange c o e f f i c i e n t ;  u - wind v e l o c i t y ;  - temp- /17 



c r a t u r e  d i f f e r e n c e  (water  - a i r ) ;  p - atmospheric  prc88uara~ c~ - 
c o e f f i c i e n t  of molbturc exchange; Ic - d i f f e m n c e  between wis- 

t u r e  of a i r  saturated by water vapor a t  t h e  level of t h e  water 

s u r f a c e  and the air  moisture a t  t h e  h e i g h t  o f  ahfp observat ion@. 

It l a  apparent  tha t  t h e  second of t h e s e  formulae I s  sztllar 

t o  formula (17). 

The va lues  of t h e  h e a t  and moisture exchange c o e f f i c i e n t s ,  

which were assumed t o  be equa l ,  were found by means o f  t h e  noma- 

grams 1131 as  a f u n c t i o n  of t h e  wind v e l o c i t y  and t h e  s t r a t i f i -  

c a t i o n  o f  t h e  la t ter  l a y e r  c h a r a c t e r i z e d  by d a t a  on t h e  d i f f e r e n c e  

between t h e  c f f e c t l v c  tempera tures  o f  t h e  water and a i r  
$3 ,f 

= Jb) s 0.1 ct6 .+e. . These va lues  were determined f o r  t h e  observa- 

t i o n a l  c o n d i t i o n s  i n  s p e c i f i c  t ime pe r iods .  

Cor rec t ions  were in t roduced for t h e  va lues  o f  t h e  h e a t  

exchange c o e f f i c i e n t  Go i n  t h e  c a l c u l a t i o n  of  t h e  fluxes P and E, 

determined from t h e  average monthly d a t a  of  s h i p ' s  obeerva t ions ,  

due t o  f l u c t u a t i o n s  i n  u s  10 and . The e x p r e s s i o n s  f o r  t h e  

c a l c u l a t i o n  o f  t h e  heat  and mois ture  fluxes i n  these c a s e s  have 

t h e  form I dc,, - 
f+r, 

- ?  
3; , . ft.0: -3 ,  1 A;, 

P p r  p 1 ce (u ,  A ~ I . J - ~ ~ - ~  -TtAw(,~-:-TQA1-jTj (21) 

B 
where Bo 1s the Bouen r e l a t i o n s h i p ,  which e q u a l s  0.66$: 0; 

h - d i s p e r s i o n  of the  wind v e l o c i t y ;  a& - d i s p e r s i o n  of t h e  
F 

temperature di f fe rence ;  - d i s p e r s i o n  of t h e  mois ture  
% 

di f ference .  

1 

I 

The study [ 2 ]  gives  t h e  va lues  o f  t h e  f i r s t  d e r i v a t i v e s  

of t h e  pnramrtcr C@ for t h e  wind v e l o c i t y  and t h e  tempera ture  

drop and a i , ~  :he empi r i ca l  va lues  of t h e  d 'mensionless  d i s p e r -  
f i s 

s i o n s  - and &, These va lues  are necessary  f o r  i n t r o -  
A A*' Y 

21 



ducing cor ras t ion8  t o  t h e  hea t  and moisture exchange c o e f f i c i e n t .  

Expre~s ion8  (21) and (22) desar ibc  t h e  hea t  and moisturs 

exchange of t h e  ocean sur face  wi th  t h e  atmorphere f o r  low and 

average wind ve loc i ty ,  

I n  t h e  case  of  s t o m  winds, t h e  c?ciefflclentr of hea t  and 

moisture exchange g r e a t l y  increase .  To take i n t o  account t h e  

inf luence of  s t o m s  upon t h e  average monthly values o r  t he  hea t  

and vapor f luxes ,  use was made of  t he  dependence of t h e  coe f f i -  

c i e n t  c on t h e  wind ve loc i ty  i n  t he  i n t e r v a l  from 15 t o  33 meters 

pe r  second [14]. Taking I n t o  considerat ion t h e  d i s t r i b u t i o n  of 

t h e  p r o b a b i l i t i e s  of t h e  s t o m  wind ve loc i ty  for d i f f e r e n t  values  

of t h e  wind v. l o c i t y  which was averaged overtsthe month, t h e  ei- 

f e c t i v e  v a l u c ~  were obta in-d f o r  t h e  c o e f f i c i e n t  c; f o r  3 

gradat ions  of t h e  storm wind: 17-21 meters/aecond ( 8  polnt!, 118 

21-24 meters/second ( 9  po in t s )  and 24-30 meters/sccond (10-11 

po in t s )  a s  a funct ion of t h e  average ve loc l ty  [2]. 

Taking i n t o  account t h e  inf luence of s t r a t i f i c a t i o n  of t h e  

a i r  l aye r  and storms, the tu rbu len t  f luxes  of hea t  and moisture 

over a monthly t i m e  i n t e r v a l  were ca lcu la ted  us ing t h e  average 

values of t h e  i n i t i a l  q u a n t i t i e s  of AS, ~ g ' l  by means of t he  

formulas - 
P - A f ~ l - q i n > ~ ; ) l [ c , ( g , p g , )  I 1 d C ~  01'81 , 

da 11 

+ ( q ( ~ r  -?IIC,  [(I:-211. ;I . 199 +q(?i - ?qc;x 
X~ZI-20.  iJ. ~ . ~ + q ( 2 ~ - ~ 0 ) ~ ; 1 ( 2 ( - - 3 0 ) ,  Zl. X.O)X 

( c 2  month) 



m i o ~ ~ t u l 8 8  (23  m d  24) the p u ~ t i t y  qt.a17)-9(17-91)+ 

~q($l--Slj+qf36--36) designate6 the  probabil ity o f  the  wind veXocity 

exceeding 17 muters/second [2]. The nurpsrical coeffic3antsA and 

0 are equa l  (upon aub8titutlng u Sn actere/eco. inte  the f a m a  
Ad i n  O C ,  3e i n  abar, rurd a month duration of 30 day8 A-0,794: 

*B-2,@7) 

The heat loss co evaporation from the  ocean surface was 
determined as LE, where B+~?--AW~) *1w3 ca i /Year*  

3. World Maps f o r  t h e  Heat Balance Components 

3.1. T o t a l  r a d i a t i o n  

A s  may be seen from f i g u r e  1, t h e  y e a r l y  va lues  of the t o t a l  

r a d i a t i o n  on t h e  Ear th  change r'rom values of <$dl t o  *m 
kcal/(cnr2 * y r J .  The lar ,est  va lues  both  on t h e  land and on t h e  

ocean a r e  confined t o  t h e  b e l t s  o f  high p r e s s u r e  i n  t h e  n o r t h e r n  

and southern  hemispheres. The va lues  of t h e  t o t a l  r a d i a t i o n  de- 120 

crease  i n  t h e  d i r e c t i o n  toward t h e  hisf. l a t i t u d e .  A c e r t a i n  de- 

c r e a s e  I n  t h e  va lues  examined i s  a l s o  c h a r a c t e r i s t i c  f o r  t h e  equa- 

t o r i a l  l a t i t u d e s ,  which is  connected t o  t h e  g r e a t  frequency of 

c loud iness  throughout t h e  e n t i r e  year .  

The d i s t r i b u t i o n  o f  t h e  i s o l i n e s  of t h e  t o t a l  s o l a r  r a d i a t i o n  

has basically a zonal  n a t u r e  which i s  g r e a t l y  d i s t u r b e d  by t h e  

non-uniform d i s t r i b u t i o n  of c loud iness .  The z o n a l l t y  disturbances 

occur I n  t h e  f e l l s w i n g  reg1ons: l )  i n  the moderate l a t i t u d e s  o f  

t o t h  h e m i s p h e ~ ~ . ? ,  where cyclone a c t i v f t y  i s  g r e a t l y  developed 

( t h e  western c o a s t  of Canada and North Europe, southwest c o a s t  

of South America); 2 )  i n  t h e  e a s t e r n  region8 o f  t h e  t r o p i c a l  

zones of' the oceail under t h e  i n f l u e n c e  of I n v e r s i o n s  and cold  

s e a  c u r r e n t s ;  3) I n  t h e  reg ion  of  monsoons ( Indones ia ,  e a s t e r n  

coas t  of A s i a ,  northwest Ind ian  Ocean). 
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Figurc 1. Total solar  radiation (kcal/(cm yr:. 

yearly. 



I n  an examination o f  d a t a  on t h e  d i s t r i b u t i o n  o f  t h e  t o t a l  

r a d i a t i o n  f o r  t h e  win te r  months, one n o t e s  t h a t  t h e r e  i s  a rapid 

decrease  i n  t h e  d i r e c t i o n  toward t h e  p o l e s  o f  t h e  corresponding 

hemispheres which i s  r e l a t e d  t o  a reduced r e d u c t i o n  i n  t h e  midday 

height  of t h e  Sun and a shor tened day. I n  a d d i t i o n  t o  t h i s ,  f o r  

t h e  w i n t e r  l a r g e  i n t e r l a t i t u d i n a l  changes i n  t h e  r a d i a t i o n  sums 

a r e  c h a r a c t e r i s t i c ;  from va lucs  o f  about  1 4  kcal/cm2 month a t  

t h e  low l a t i t u d e s  t o  va lues  which equa l  ze ro  i n  t h e  p o l a r  c i r c l e  

where t h e  s o l a r  r a d i a t i o n  does n o t  e n t e r .  

The l a r g e s t  monthly sums o f  s o l a r  r a d i a t i o n  a t  t h e  low l a t -  

i t u d e s  occur i n  t h e  reg ions  o f  t h e  oceans and t h e  r e g i o n s  o f  

e q u a t o r i a l  monsoons on t h e  c o n t i n e n t s  where t h e r e  i s  l i t t l e  cloud- 

i n e s s  dur ing  t h i s  t ime. 

Dis t ingu i sh ing  f e a t u r e s  of  t h e  summer d i s t r i b u t i o n  of  t h e  

t o t a l  r a d i a t i o n  a r e  t h e  high va lues  o f  t h i s  r a d i a t i o n  throughout 

t h e  e n t i r e  hemisphere wi th  a  smal l  geographic change. 

The t r o p i c a l  and sub- t rop ica l  d e s e r t s  r e c e i v e  t h e  maximum 

amount of s o l a r  hea t  (above 20 kcal/(crn2 . month)). A large amount 

of s o l a r  energy i n  t h e  summer a l s o  reaches  t h e  p o l a r  r eg ions ,  

where t h e  in f luence  of t h e  low h e i g h t s  o f  t h e  sun i s  compensated 

by very long days. The g r e a t e s t  va lues  of  s o l a r  r a d i a t i o n  are i n  

t h e  summer months i n  t h e  c e n t r a l  p l a t e a u  of  Anta rc t i ca .  Thus, 
2 

iri January t h e  monthly sums change from 16-18 kcal/cm on t h e  
2 coas t  t o  30 kcal/cm i n s i d e  t h e  c o n t i n e n t ,  which g r e a t l y  exceeds 

t h e  value f o r  t h e  reg ion  of t h e  t r o p i c a l  d e s e r t s .  

For a  l a r q e  p o r t i o n  of t h e  s u r f a c e  of  t h e  c c n t i n e n t s ,  t h e  

da ta  given i n  f i g u r e  1 c l o s e l y  co inc ides  w i t h  t h e  s i m i l a r  map of 

the  "Atlas  of t h e  Heat Balance o f  t h e  E a r t h a f t  C e r t a i n  changes 

must be noted f o r  r eg ions  l o c a t e d  i n  t h e  t r o p i c a l  and e q u a t o r i a l  

l a t i t u d e s .  Thus i n  r eg ions  o f  t h e  t r o p i c a l  d e s e r t s ,  t h e  rad ia -  

t i o n  i s  somewhat diminished and i n  t h e  e q u a t o r i a l  r e g l o u s  i t  i n -  

c reases  111, 121. 



On t h e  oceans t h e  t o t a l  r a d i a t i o n  has  Inc reased  

everywhere by 13% on t h e  average.  This i n c r e a s e  i n  the  

t o t a l  radiation is due t o  t h e  use of a new method for 

determining t h e  components o f  t h e  r a d i a t i o n  balance  

of t h e  ocean su r facee .  

The data i n  T a b l e  7 show t h e s e  d i f f e r e n c e s .  It giver 

t h e  zonal  d i s t r i b u t i o n  o f  t h e  yearly values  of t o t a l  

solar  r a d i a t i o n  e a l c u l w t e d  from d a t a  i n  t h e  "Atlas nf the 

Heat Balance of t h e  E a r t h "  C61 (19631, and t h e  p r e s e n t  

s tudy 113751 u s i n g  materials on  t h e  A r c t i c  Ocean from t h e  

monograph ['O]. I t  f o l l o w s  from this t h a t  t h e  c h a n g e s  

o b t a i n e d  i n  solar r ad i a t i on  for i n d i v i d u a l  l a t i t G d i n a 1  

zones o f  t h e  Esr*th d i d  n o t  i nd i ca t e  t h e  a v e r s g e  values  

f o r  t h e  E3rt.h :IS a whole, w h i c h  r q u a l l r n  138 kcal/(cm2*year). 

For  t h e  oceans, t h e  l a t t e r  q u a n t i t y  i n c r e a s e d ,  which 

lncr-eased t h e  a v e r a g e  y e a r l y  v a l u e  Q for t ,he e n t i r e  

su r f s ce  o f  t h e  E a r t h  by 9%. 

The d i f f e r e n c e  I n  t h e  maps of  t o t a l  r a d i a t i o n  

mer~ t ion rd  abcve do n o t  c h ~ t l ~ e  t h e  general  chatsaeter* of 

i t s  ill st r i b u t . i o n  of1 t!le sur- face  of  t h e  E a r t h .  T h u s ,  / 2 2  

new r c s u l t * s  may be regarded as c ~ ~ r r o b n r a t l n g  t.he con- 

c l u s i o n s  r ega rd ing  t . h ~  p a t t e i e n s  i n  t . he  d l s t r i b u t i e n  o f  

s o l a r  r * s d I n t  i o n  g i v t ' n  i n  t h e  "At l a s  nf t h e  Heat 

P a l a n c e  o f  t h e  Ear3th."  



IE,YEARLY - -  . VALUE OB THE TABLE 7. LATITUDINAL DISTRIBUTION OF TF 
TOTAL SOLAR RADIATION (KCAL/(CMc) 

I I f ~ u r f ~ o e  of the 

Earth as a 1 3 I la 1 12; 1 in I lu I 141 

who;te i 
t 

3.2. Had ia t ion  Balance f 
t 

The y e a r l y  sunis n? t h e  r a d i a t i o n  ba l ance  o f  t h e  s u r f a c e  of  i 

t h e  E a r t h  change from v a l u e s  which are less t h a n  5 kcal/cm2 i n  

t h e  A n t a r c t i c  and c l o s e  t o  z e r o  i n  t h e  c e n t r a l  r e g i o n s  of t h e  Arc- 

t i c ,  up t o  90-95 kcal/cm2 i n  t h e  t r o p i c a l  l a t i t u d e s .  

The i n f l u e n c e  of a s t r o n o m i c a l  f a c t o r s  c a u s e s  t h e  zona l  d i s -  

t r i b u t l o n  o f  t h e  y e a r l y  and monthly sums of  t h e  r a d i a t i o n  balance 

i n  f l a t  t e r r i t o r i e s  l o c a t e d  a t  t h e  h i g h  and middle  l a t i t u d e s  of  

the n o r t h e r n  hemisphere ,  The l a t i t u d i n a l  d i s t r i b u t i o n  i s  d i s -  

tu rbed  i n  r e g i o n s  where t h e  c i r c u l a t i o n  f a c t o r s  g r e a t l y  change 

t h e  c l o u d i r ~ e s s  c o n d i t i o n s  as compared w i t h . t h e  ave rage  v a l u e s ,  

The geographic  zones o f  t h e  h i g h  and middle  latitudes are 

characteraized by  d e f i n i t e  y e a r l y  sums of  t h e  r a d i a t i o n  ba l ance :  

t h e  a r c t i c  t u n d r a  - less t h a n  10 kcal / (cm2 y e a r ) ;  t h e  t u n d r a .  
s f o r e s t  t u n d r a  10-20 kcal/(crn2 y e a r )  ; t h e  n o r t h e r n  and middle  

t a i g a  20-30 kcal(cm2 year:; the s o u t h e r n  t a i g a  3 - 3 3  kcal/[sm 2 * y ~ ) ;  

snixed leafy broad-leaved farest n, the foreat s teppes  



F i g u r e  2. 



and s t e p p e s  of  the moderate l a t l t u d c s , . ~ g  kcal/(cm2 . y e a r )  

( f i g u r e  2 ) .  

I n  t h e  s u b t r o p i c a l ,  t r o p i c a l  and e q u a t o r i a l , e o n e s ,  t h e  

c h a r a c t e r i s t i c s  of a tmosphe r i c  c i r c u l a t i o n  produce s h a r p  d i f -  

f e r e n c e s  i n  t h e  c l o u d s  and  m o i s t u r e  c o n d i t i o n s ,  due t o  which 

t h e  > e a r l y  v a l u e s  o f  t h e  r a d i a t i o n  b a l a n c e  change i n  t h e  zones  

from 55 t o  95 kcal/crn2. Thus t h e  rnininum v a l u e s  of t h e  r a d i a t i o n  

ba l ance  are c o n f i n e d  t o  t h e  r e g i o n s  o f  s u b t r o p i c a l  and t r o p i c a l  

d e s e r t s  and a r e  due t o  t h e  great r e f l e c t i v i t y  of t h e  s u r f a c e  o f  

t h e  deserts and t h e  g r e a t  h e a t  losses due t o  l o n g  wave r a d i a t i o n  

under  c o n d i t i o n s  o f  c l e a r  wea ther ,  d r y  a i r ,  and t h e  high temp- 

e r a t u r e  o f  t h e  s o i l  s u r f a c e .  

It f o l l o w s  from t h e  d a t a  on t h e  d i s t r i b u t i o n  of t h e  r a d i a -  

t i o n  ba l ance  i n  i n d i v i d u a l  months t h a t  t h e  s m a l l e s t  v a l u e s  o f  t h e  

f a d i a t i o n  b a l a n c e  i n  w i n t e r  and i n  summer occu r  a t  t h e  h i g h  p o l a r  

l a t i t u d e s  ( f rom -1 t o  -2 kcal / (cm2 . month) i n  w i n t e r  and abou t  

4 kcal,(crn2* month) i n  summer. A t  t h e  moderate l a t i t u d e  of t h e  

n o r t h e ~ n  hemisphere ,  t h e r e  are very uniform f i e l d s  o f  t h e  r a d i a -  

t i o n  brilanee from -1 t o  -2 kcal!(cm2 month) i n  J anua ry  and 

from 7 t o  9 kcal/(crn2 month) i n  J u l y .  I n  t h e  t r o p i c a l  and 

e q u a t o r i a l  latitudes, d u r i n g  t h e  w i n t e r  s o l s t i c e  t h e  va lue  of 

the  r a d i a t i o n  ba lance  dec reased  t o  3.5-4.0 kca l / (cm2 * month) ,  

and i n  t h e  summer months t h e  maximum v a l u e s  r eached  9-10 k c a l /  /24 
7 

(cm' . month),  and dec reased  t o  5.5 - 6.0 kcal/cm2 i n  t h e  r e g i o n s  

o f  d e s e r t s  and e q u a t o r i a l  monsoons. 

i 3  cilmpared w i t h  d a t a  on t h e  r a d i a t i o n  b a l a n c e  of t h e  s u r -  

f a c e  of  t h e  Ear th  g iven  i n  t h e  "Atlas of  t h e  Heat Balance o f  t h e  

Ear th"  163, t h e  y e a r l y  sum o f  t h e  r a d i a t i o n  b a l a n c e  shown i n  Fig .  

2 ,  dec reased  by 10-15% i n  s e v e r a l  t r o p i c a l  r e g i o n s  i t h e  n o r t h e r n  

p a r t  o f  I n d o n e s i a ,  t h e  Saha ra ,  e t c )  and i n c r e a s e d  by 10-20% i n  

t h e  zone of humid e q u a t o r i a l  f o r e s t s  and by 5-152 i n  t h e  s t e p p e  

and fcres t  s t e p p e  zone of t h e  moderate l a t i t u d e s .  These changes  



are r e l a t e d  t o  t h e  use  of' new materials i n  o b s e r v a t i o n s  o f  the 

t o t a l  r a d i a t i o n ,  a decrease  i n  t h e  a lbedo used for  t h e  humid 

t r o p i c a l  f o r e s t s ,  and a decrease  i n  t h e  e f f e c t i v e  r a d i a t i o n  due 

t o  t h e  inc reased  heat  l o s s e s  t o  evapora t ion .  However, f o r  i n -  

d i v i d u a l  l a t i t u d e  zsnes  and t h e  Ear th  as a whole the v a l u e s  of 

t h e  r a d i a t i o n  balance changed comparat ively l i t t l e  (Table 8).  

TABLE 8. AVERAGE UTITUDINjL VALUES OF THE RADIATION 
BALANCE (kcal-/(cm y e a r )  

L a t i t u d -  Oceans 
i n a l  z o n e  - 

1- , 10% 

I I 1 

t:arth as a 49 1 j O, 
whole I 

The d i s t r i b u t i o n  o f  t h e  v a l u e s  of' the r a d i a t i o n  b a l a n c e  

on t h e  s u r f a c e  o f  t h e  oceans ,  shown on t h e  maps, is  s i m i l a r  t o  

t h e  d i s t r i b u t i o n  o f  t h e  t o t a l  r a d i a t i o n .  The maximum v a l u e  of 

t h e  r a d i a t i o n  ba l ance  on t h e  oceans  exceeds  140 kcal / (cm2 year). 

The minimum f o r  t h e  s u r f x e  of  t h e  oceans  which i s  free of i c e  

i s  locat ,ed on t h e  boundary of t h e  f l o a t i n g  i c e  - about  20-30 

kcal / (cm2 year) .  It mus t  b e  noted  t h a t  t h e  y e a r l y  sums of  t h e  

r a d i a t i o n  ba l ance  are p o s i t i v e  over  a l l  t h e  a r e a s  of t h e  oceans.  

I n  t h e  w i n t e r  months t h e  r a d i a t i o n  ba l ance  changes i n  terms 

of  l a t i t u d e  from 8-10 kca l / (cm2 month) It1 t h e  e q u a t o r i a l  and 

t r o p i c a l  l a t i t u d e s  up t o  s m a l l  n e g a t i v e  v a l u e s  a t  t h e  h i g h  l a t i -  /25 

tudes (about -4 kcal/(crnL month).  Thus i n  J anua ry  t h e  r a d i a -  

t i o n  ba l ance  i s  n e g a t i v e  i n  b o t h  hemispheres  above 45' n o r t h  and 

s o u t h e r n  l a t i t u d e s .  



I n  t h e  summer months t h e  va lues  o f  t h e  r a d i a t i m  balance  

r e a c h  a maximum (more than  1 4  kcal/(cm2 month)) in t h e  t r o p i c a l  

l a t i t u d e ,  descending t o  8-9 kcal/(cm2 month) a t  the high la t i -  

tudes .  I n  t h e s e  months t h e  d i s t r i b u t i o n s  o f  t h e  r a d i a t i o n  balance ,  

i n  c o n t r a s t  t o  t h e  w i n t e r ,  d e v i a t e  g r e a t l y  from t h e  zona l  distri- 

b u t i o n s  and t h e  reg ion  of high  and low va lues  correspond t o  r e g i o n s  

of high and low c loud iness ,  

A s  compared w i t h  t h e  r e s u l t s  o f  c a l c u l a t i o n s  shown i n  t h e  

nAtlas of t h e  Heat Balance o f  t h e  Ear thn  [6], new d a t a  on t h e  

r a d i a t i o n  b a l ~ l c e  o f  t h e  ocean (Table 8)  i s  h i g h e r  i n  bo th  hemi- 

spheres  by 11% on t h e  average,  which i s  due t o  a n  i n c r e a s e  i n  

the  t o t a l  r a d i a t i o n .  

For t h e  Ear th  a s  a  whole, t h e  r a d i a t i o n  balance  o f  t h e  E a r t h ' s  

s u r f a c e  inc reased  by 105. 

3.3. Heat Loss t o  Evaporat ion 

The yea r ly  map of  h e a t  l o s s  t o  evapora t ion  i s  shown i n  F igure  

3. The d i s t r i b u t i o n  of t h e  va lues  f o r  hea t  l o s s  t o  evapora t ion  

f o r  t h e  Ear th  i s  based on c a l c u l a t i o n s  by a complex method of  

t h e  average mult i -year ,  monthly v a l u e s  o f  evapora t ion  f o r  1700 

p o i n t s  l o c a t e d  on f l a t  areas. For t h e  mountainous r e g i o n s  o f  

t h e  Ear th ,  t h e  hea t  loss t o  evapora t ion  was e s t i m a t e d  on t h e  b a s i s  

o f  d a t a  r ega rd ing  t h e  v e r t i c a l  evapora t ion  g r a d i e n t  1311. 

The average monthly va lues  of  heat l o s s  t o  evapora t ion(and 

t u r b u l e n t  hea t  exchange w i t h  t h e  atmosphere) on the oceans was 

c a l c u l a t e d  f o r  722 p o i n t s .  The i n i t i a l  m a t e r i a l  f o r  t h e  c a l c u l a -  

t i o n  was t h e  d a t a  from t h e  s e a  c l i m a t i c  a t l a s  [51] and a l s o  d a t a  

from mult i -year  s h i p  obse rva t ions  i n  10-degree sqxarcs on t h e  A t -  

l a n t i c ,  Indian  and P a c i f i c  Oceans 1 4 3 .  

Considering t h e  f e a t u r e s  of t h e  A l s t r i b u t i o n  f o r  t h e  h e a t  

3 1  



Figure 3. Heat loss to evaporation (kcal/(cm 
2 

. year). Yearly. 



l o s s  t o  evapora t ion  on land,  it  may be noted  t h a t  t h e  range i n  

i t s  change of  va luea  is about  80 kcal/(cm2 y e a r ) .  I n  r e g i o n s  

of  h igh  mois ture ,  t h e  h e a t  l o s s  t o  evapora t ion  i n c r e a s e 8  togeth-  

e r  wi th  an i n c r e a s e  i n  t h e  r a d i a t i o n  ba lance- f rom t h e  high la t -  

i t u d e s  t o  t h e  equa to r ,  changing from v a l u e s  which are less t h a n  

10 kcal/(crn2 y e a r )  on t h e  n o r t h e r n  c o a s t  o f  t h e  c o n t i n e n t ,  

t o  70-80 hcal/(cm2 year )  and t h e  humld e q u a t o r i a l  f o r e s t s  of 

South America, Af r i ca ,  and t h e  Malay a rch ipe lago ,  I n  r e g i o n s  

of low humidity,  t h e  h e a t  l o s s  t o  evapora t ion  i s  determined by 

t h e  dryness  of t h e  c l ima te ,  d e c r e a s i n g  wi th  an  i n c r e a s e  i n  t h e  

dryness.  The s m a l l e s t  va luesof  h e a t  l o s s  t o  evapora t ion  are 

noted i n  t h e  t r o p i c a l  d e s e r t s ,  where they  are about s e v e r a l  

kcal/(cm2 . y e a r )  i n  a l l .  

The y e a r l y  p a t t e r n  of hea t  l o s s  t o  evapora t ion  i s  a l s o  

determined by t h e  r e s e r v e  of  hea t  and moisture. .  A t  t h e  e x t r a -  

t r o p i c a l  l a t i t u d e s  wi th  c o n d i t i o n s  of  h igh  humidity,  t h e  g r e a t -  

e s t  v a l u e s o f k a t l o s s  t o  evapora t ion  a r e  found i n  summer i n  

accordance w i t h  t h e  y e a r l y  p a t t e r n  o f  t h e  r a d i a t i o n  balance  

reach ing  5-6 kcal(cm2 . month), I n  w i n t e r  t h e  h e a t  l o s s  t o  

evapora t ion  i s  low. I n  reg ions  o f  low humidi ty , the  maximum 

h e a t  l o s s  t o  evapora t ion  moves w i t h i n  t h e  thermal  pe r iod  as 

a f u n c t i o n  o f  t h e  humidity cond i t ions .  In  t h e  d e s e r t ,  t h e  

y e a r l y  p a t t e r n  LE i s  determined by t h e  y e a r l y  p a t t e r n  of  t h e  

p r e c i p i t a t i o n .  

A t  t h e  t r o p i c a l  l a t i t u d e s  wi th  a humld c l i m a t e ,  t h e  h e a t  

l o s s  t o  evapora t ion  i s  g r e a t  throughout t h e  yea r  and i s  about 

6-8 kcal/(cm2 month). In  r e g i o n s  wi th  seasons  of low p r e c i -  

p i t a t i o n  t h e r e  i s  a c e r t a i n  dec rease  i n  t h e  h e a t  l o s s  t o  evap- 

o r a t i o n ,  However, i t s  amplitude o f  t h e  y e a r l y  p a t t e r n  i s  com- 

p a r a t i v e l y  smal l ,  I n  r e g i o n s  wi th  a c l e a r l y  pronounced dry  

pe r iod ,  t h e  g r e a t e s t  va lues  f o r  h e a t  l o s s  t o  evapora t ion  are 

found a t  t h e  end o f  t h e  ra iny  pe r iod  and t h e  s m a l l e s t  are found 

a t  t h e  end o f  t h e  d ry  per iod .  



On t h e  whole f o r  t h e  Ear th  ( i n c l u d i n g  A n t a r c t i c a )  t h e  

hea t  l o s s  t o  evapora t ion  i s  27 kcal/(cm2 year). The aver- 

age l a t i t u d i n a l  va lues  f o r  l a n d  are given  i n  Table 9 which 

compares d a t a  from p r e s e n t  c a l c u l a t i o n s  wi th  v a l u e s  ob ta ined  

i n  p rev ious  c a l c u l a t i o n s .  It may be aeen from t h e  t a b l e  t h a t  

t h e  g r e a t e s t  d ivergence  between t h e  p rev ious  and new v a l u e s  

o f  t h e  h e a t  l o s s  t o  evapora t ion  i s  observed at t h e  pre-equa- 

t o r i a l  l a t i t u d e s .  

TABLE 9. AVERAGE LATITUDINAL VALUES OF HEAT LOSS TO 

EVAPORATION. ( KCALI ( C M ~  YEAR) 

The va lues  obta ined i n  t h i s  s tudy f o r  t h e s e  l a t i t u d e s  a r e  

above t h e  previous  ones (by 15% a t  t h e  Equator)  b a s i c a l l y  due 1 2 8  

t o  t h e  ref inement  of  t h e  r a d i a t i o n  balance  for t h e  pre-equa- 

t o r i a l  l a t i t u d e s .  For t h e  remaining l a t i t u d e s  t h e  d i f f e r e n c e s  

between t h e  hea t  l o s s  t o  evapora t ion  a r e  smal l  and, a s  a r u l e ,  

a r e  due t o  ref inements  of t h e  arr,ount of  p r e c i p i t a t i o n .  A s  may 

b e  seen,  t h e  laws governing t h e  l a t i t u d i n a l  d i s t r i b u t i o n  of  

heat  l o s s  t o  evapora t ion  on land remain t h e  same as prev ious ly .  

A 

1 

L a t i t u d i n a l  1 Land I Oceans 
r 
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A comparison of t h e  va lues  f o r  h e a t  l o s s  t o  evapora t ion  

and r a d i a t i o n  balance shows t h a t  d u r i n g  t h e  year as a whole 
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f o r  t h e  s u r f a c e  o f  t h e  l and ,  55% of t h e  r a d i a t i o n  ba lance  

i s  l o s t  t o  evapora t ion .  The r e m i n i n g  45% is l o s t  t o  turbu-  

l e n t  hea t  exchange between t h e  E a r t h ' s  surface and t h e  atmoe- 

phere. Thus i n  r eg ions  o f  e x c e s s i v e  humidity From 70 t o  90% 

o f  t h e  r a d i a t i o n  balance  is  l o s t  t o  evapora t ion .  In  d e s e r t s  

t h e  l o s s  of  r a d i a t i o n  balance  t o  evapora t ion  i s  small. 

The d i s t r i b u t i o n  o f  t h e  y e a r l y  va lues  of  h e a t  loss t o  

evapora t ion  on t h e  oceans i r r  g e n e r a l  is  similar t o  t h e  d i s t r i -  

b u t i o n  of t h e  r a d i a t i o n  5alance .  A s  nay be a e e c  from t h e  mag 

p i g u r e  3 ) #  t h e  change i n  t h e  h e a t  l o s e  t o  evapora t ion  i s  r a t h e r  

g r e a t :  from va lues  c l o s e  t o  120 kcal/(cm2 y e a r )  a t  t h e  t rop-  

i c a l  l a t i t u d e s  t o  va lues  o f  about  30kcal/[cm2 e y e a r )  at  t h e  

boundary of t h e  i cebergs .  A t  t h e  e q u a t o r i a l  l a t i t u d e s  t h e  

h e a t  l o s s  t o  evapora t ion  i s  somewhat lower than  t h e  h i g h e r  

l a t i t u d e s  ( l e s s  than  100 kcal/(cm2 y e a r ) ,  which i s  due t o  

an  i n c r e a s e  i n  c loud iness  and humidity.  
1 

I n  a d d i t i o n  t o  t h e  r a d i a t i o n  h e a t , h e a t i & i c h i s  t r a n s f e r r e d  

by c u r r e n t s  i s  a l s o  l o s t  t o  evapora t ion  from t h e  ocean. Thsre- 

f o r e  t h e  zonal  n a t u r e  o f  t h e  d i s t r i b u t i o n  of  hea t  l o s s  t o  evap- 

o r a t i o n  i s  d i s t u r b e d  by g r e a t  d e v i a t i o n s  i n  t h e  r e g i o n s  of  hot  

and cold c u r r e n t s .  This  may be c l e a r l y  seen on t h e  map shown 

i n  t h i s  a r t i c l e .  The g r e a t e s t  h e a t  l o s s  t o  evapora t ion  t a k e s  

p lace  i n  t h e  nor the rn  hemisphere: more than  180 kcal/(cm ' . y r . )  

y e a r )  i n  t h e  reg ion  o f  t h e  liulf Stream and about 140 k c a l /  

i n  t h e  Curacao r e ~ i e n ,  where t h e  a i r  humidity 

d e f i c i t  is  h i g h e r  not  only due tz a high water  tempera ture  but  

a l s o  due t o  comparat ively low humidity o f  t h e  a i r  e n t e r i n g  

t h e s e  l e g i o n s  from t h e  c o n t i n e n t s  of North America and Asia dur- 

i n g  t h e  colr: t ime o f  t h e  year .  : 
1 

The yea r ly  sums of heat  l o s s  t o  evapora t ion  may b e  compiled B 
I 

1 
b a s i c a l l y  from values  i n  t h e  autumn-winter per iod .  I 

The d i s t r i b u t i o n  of heat l o s s  t o  evapora t ion  i n  t h e  w i n t e r  



month& i s  similar t o  t h e  y e a r l y  d i s t r i b u t i o n ,  Pur ing  t h i s  

time t h e r e  i s  an i n c r e a s e  i n  t h e  i n t l u e n c e  of t h e  themeal 

c u r r e n t s ,  due t o  which t h e  c h a r a c t e r i 8 t l c 8  of I n d i v i d u a l  

ocean8 i e  c l e a r l y  expressed:  h e a t  l o s s  t o  e v a p o r a t i o n  from 

t h e  s u r f a c e  of t h e  Narth A t l a n t i c  at  t h e  moderate l a t i t u d e s  

is  twice  as large as at  t h e  l a t i t u d e s  of t h e  P a c i f i c  Ocean, 

The lowest va lues  of h e a t  l o s s  t o  evapora t ion  am noted a t  

t h e  moderate l a t i t u d e  o f  t h e  sou the rn  hemlaphere i n  t h e  h 9  
A t l a n t i c  and Ind ian  Oseans. I n  t h e s e  r e g i o n s  w i t h  compara- 

t i v e l y  low water tempera tures ,  wamer a i r  masses e n t e r  from 

t h e  low l a t i t u d e s ,  which dec reases  t h e  h e a t  l o s s  t o  evapora- 

t i o n ,  

With t h e  change t o  summer, t h e  l n f l u c n c e  o f  t h e  warm 

c u r r e n t s  upon t h e  magnitude o f  t h e  h e a t  l o s s  t o  evapora t ion  

i s  reJuced,  due t o  a  dec rease  i n  t h e  energy r e s e r v e s  o f  t h e  

c u r r e n t .  S ince  i n  t h e  summer months t h e r e  i s  a r e d u c t i o n  of  

t h e  average wind v e l o c i t i e s  and a r e d u c t i o n  i n  the  c o n t r a s t  

between t h e  tempera ture  of  weter  and a i r ,  t h e  h e a t  l o s s  t o  

evapora t ion  g r e a t l y  dec reases ,  I n  a d d i t i o n ,  t h e r e  i s  a dc- 

c r e a s e  i n  the d i f f e r e n c e  i n  t h e  va lues  of hea t  l o s s  t o  evap- 

o r a t i o n  from t h e  s u r f a c e  o f  i n d i v i d u a l  oceans. 

When comparing t h e  y e a r l y  map of  h e a t  l o s e  t o  evagora- 

t i o n  from t h e  s u r f a c e  o f  t h e  world 's  ocean w i t h  t h e  similar 

map given i n  @At las  o f  t h e  Heat Balance o f  t h e  Ear thw 163, 

we may no te  t h a t  t h e  g e n e r a l  geographic laws governing t h e  

d i s t r i b u t i o n  of h e a t  l o s s  t o  evapora t lon  from t h e  s u r f a c e  of  

t h e  oceans i s  t h e  same a s  before .  This  may be Been from 

Table 9. 

It may be seen t h a t  on a  l a r g e  s e c t i o n  o f  t h e  world 's  

ocean t h e  new va lues  f o r  hea t  l o s s  t o  evapora t ion  are h i g h e r  

than  t h e  va lues  obta ined p rev lous ly ,  There is  a p a r t i c u l a r l y  

l a r g e  i n c r e a s e  i n  t h e  heat  l o s s  t o  evapora t ion  e t  t h e  low 

l a t i t u d e s  which i s  due t o  t h e  use o f  a  new method i n  t h e  c a l -  

c u l a t i a n s ,  which cons ide r s  t h e  i n c r e a s e  i n  t h e  evapora t lon  

3 6 



c o e f f i o i e n t  when t h e m  are l a r g e  d e f i c i t r  o f  a i r  humidity and 

weak wind8 which are c h a r a c t e r i s t i c  f o r  t h e s e  l a t i t u d s r ,  

On t h e  average t h e  h e a t  l o u r  t o  e v a p o r a t i c n  from t h e  

s u r f a c e  of t h e  * t o r l d * s  ocean8 i n c r e a s e d  by 11%, 

3.4. Turbulent  Heat Flux Between t h e  E a r t h ' s  Sur face  and 

t h e  Atmosphere. 

F igure  4 shows a map of t h e  t u r b u l e n t  h e a t  f l u x  f o r  t h e  
* 

year. 

The l a r g e s t  va lu-  of t h e  t u r b u l e n t  h e a t  fLux between 

t h e  land s u r f a c e  and t h e  atmosphere Is noted i n  t h e  t r o p l c a l  

d e s e r t s  where they  reach  55-60kcalj(cm2 . y e a r ) .  Wlth an  in-  

c r e a s e  i n  t h e  humidity o f  t h e  c l i m a t e ,  t h e  t u r b u l e n t  f l u x  

decreases .  Thus i n  r e g i o n s  o f  humid t r o p i c a l  f o r e s t s  t h e  

t u r b u l e n t  f l u x  i s  10-20 kcal/(cm2 y e a r ) .  Moving t o  t h e  

h igher  l a t i t u d e s ,  t h e  t u r b u l e n t  f l u x  decreaaea t o g e t h e r  wi th  

a decrease  i n  t h e  r a d i a t i o n  balance. On t h e  northerr.  c o a s t s  

of t h e  c o n t i n e n t s  of  t h e  nor the rn  hemisphere, t h e  t u r b u l e n t  

f l u x  l a  l e s s  than 5 kcal/(cm2 y e a r ) .  The same va lues  a r e  

noted f o r  regions  of hlgh  humidity a t  t h e  moderate l a t i t u d e s ,  

The same uniformi ty  18  observed i n  t h e  y e a r l y  p a t t e r n  - 
an i n c r e a s e  i n  t h e  t u r b u l e n t  f l u x  wi th  an i n c r e a s e  i n  t h e  r a d i -  

a t i o n  balance. I n  view of  t h i s ,  a t  t h e  e x t r a t r o p i c a l  la t i -  /31 

t u d e s  t h e  l a r g e s t  y e a r l y  va lues  of  t h e  t u r b u l e n t  f l u x  a r e  

Pound in summer - and t h e  s m a l l e s t  ones i n  winter .  W.ua f o r  

areas l o c a t e d  above 40° n o r t h  and sou th  l a t i t u d e s ,  t h e r e  i a  
i 

a c h a r c c t e r i e t l c  displacement  of  t h e  d i r e c t i o n  o f  t h e  t u r b u l e n t  

f l u x  throughout t h e  year .  I n  w i n t e r  t h e  E a r t h ' s  s u r f a c e  se- 

ce ives  hea t  from t h e  atmosphere by t u r b u l e n t  heat exchange. i 
However, t h e  values o f  t h e  hea t  t r a n s f e r  by t h e  atmosphere a r e  

smal l ,  even i n  t h e  extreme n o r t h  they  a r e  l e s s  t h a n  1 kcal/(crn2 

month). 



Figure b ,  Turbulent h e a t  f l u x  from t h e  Earth's 
surface t o  t h e  atmosphere (kcal/icmZ year ) ,  
Yearly, (The heat flux is p ~ s i t l v e  when i t  is 
directed rrsm t h e  Earth's s u r f s e e  t o  the atmosphere) ,  



The s u r f a c e  ~f t h e  c o n t i n e n t s  from t h e  e q u a t o r  t o  40° 

n o r t h  and s o u t h  l a t i t u d e s  2nroughout t h e  e n t i r e  y e a r  releases 

hea t  by t u r b u l e n t  hea t  c o n d u c t i v i t y .  Thus a t  t h e  low l a t i t u d e s  

t h e  yeaply r s t t e r n  of  t h e  t u r b u l e n t  f l u x  g r e a t l y  depends on t h e  

humidity. The l a r g e s t  montnly v a l u e s  o f  t h e  t u r b u l e n t  f l u x  are 

&served d u r i n g  t h e  xinimum o f  a tmospher ic  p r e c i p i t a t i o n .  A t  

t h e  s u b t r o p i c a l  l a t i t u d e s  w i t h  a medi t e r ranean  t y p e  o f  c l i m a t e  

t h e  maximum v a l u e s  o f  t h e  t u r b u l e n t  f l u x  are observed i n  summer 

and amoiint t o  6 kcal/(cm2 month). I n  t h e  d e s e r t s ,  p a r t i c u l -  

a.r y t h e  c o a s t a l  d e s e r t s ,  where t h e  p r o c e s s e s  o f  t h e  t r a n s f o r -  

matlol, \ f  t h e  a i r  masses at  t h e  water- land boundaryhave a  g r e a t  

i n f l u e n c e  upon t h e  t u r b u l e n t  hea t  exchange, t h e  v a l u e s  o f  t h e  

t u r b u l e n t  f l u x  exceeds  6 kcal/(cm2 month). I n  t h e  humid t r o p -  

i c a l  r e g i o n s  t h e  t u r b u l e n t  f l u x  i s  small th roughout  t h e  e n t i r e  
2 yea r ,  and i t s  monthly v a l u e s  a r e  l e s s  t h a n  2 kcal/cm . 

On t h e  whole, 45% of t h e  y e a r l y  va lue  o f  t h e  r a d i a t i o n  

balance o f  t h e  s u r f a c e  of  t h e  c o n t i n e n t s  i s  expended on turbu-  

l e n t  hea t  exchange wi th  t h e  atmosphere throughout  t h e  yea r .  

A map o f  t h e  t u r b u l e n t  h e a t  exchange o f  t h e  s u r f a c e  o f  

t h e  oceans w i t h  t h e  atmosphere shows t h a t  a lmost  everywhere t h e r e  

i s  hea t  l o s s  by t h e  oceans.  The l a r g e s t  h e a t  t r a n s f e r  from t h e  

s u r f a c e  of t h e  oceans ( a s  w e l l  a s  t h e  h e a t  l o s s  due t o  evapor- 

a t i o n )  occur s  i n  t h e  wes tern  and nor thwes te rn  r e g i o n s  o f  t h e  

oceans of  t h e  no r the rn  hemisphere. Here t h e  t u r b u l e n t  h e a t  

f l u x  exceeds 40 kcal / (cm2 y e a r ) .  I n  t h e  more s o u t h e r l y  

r e g i o n s ,  e s p e c i a l l y  c l o s e  t o  t h e  e q u a t o r ,  where t h e  tempera ture  

d i f f e r e n c e s  between t h e  s u r f a c e  wa te r s  and t h e  a i r  c u r r e n t s  

above them a r e  small  throughout  t h e  yea r ,  t h e  t u r b u l e n t  h e a t  

f l u x  from t h e  s u r f a c e  of  t h e  oceans i s  l e s s  t h a n  1 0  kcal / (cm2 

year  1. 

I n  t h e  sou the rn  hemisphere t h e r e  a r e  no s h a r p  c o n t r a s t s  

between t h e  water -a i r  t empera tu res ,  and t h e  t u r b u l e n t  f l u x  i s  

much l e s s  than  i n  t h e  n o r t h e r n  hemisphere,  and nowhere exceeds 

15 kcal/(cm2 ' y e a r ) .  
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The n e g a t i v e  y e a r l y  sums of t u r b u l e n t  h e a t  exchange w i t h  

t h e  a tmosphere  ( i . e . ,  heat i n f l o w  from t h e  a tmosphere)  are ob- 

s e rved  i n  t h e  zones  o f  t h e  co ld  C a l i f o r n i a  c u r r e n t s  and t h e  I 
c u r r e n t s  of t h e  w e s t e r l y  winds i n  t h e  s o u t h e r n  hemisphere .  I n  ! 
a b s o l u t e  v a l u e s  t h e s e  n e g a t i v e  q u a n t i t i e s  of t h e  t u r b u l e n t  

heat f l u x  are sma l l .  132 

J u s t  a s  f o r  t h e  n e a t  l o s s  t o  e v a p o r a t i o n ,  t h e  yearly 

sums o f  t h e  t u r b u l e n t  h e a t  exchange w i t h  t h e  a tmosphere  are 

d e r i v e d  mainly from v a l u e s  i n  t h e  autumn-winter p e r i o d .  The 

c l o s e s t  connec t ion  between t h e  c o n d i t i o n s  o f  h e a t  exchange 

w i t h  t h e  i n f l u e n c e  o f  t h e  s e a  c u r r e n t s  and t h e  a tmosphe r i c  

c i r c u l a t i o n  i s  observed i n  t h e  w i n t e r .  The h e a t  loss by t h e  

oceans i n  t h e  w i n t e r  months i n  t h e  n o r t h e r n  hemisphere  i s  
3 

8-10 kcnuem" month);  and i n  t h e  s o u t h e r n  hemisphere  i t  i s  

a b c u t  5 kceucmd month).  

In tzhc summer months f o r  both  hemispheres  t h e  t u r b u l e n t  

hea t  exchange between t h e  surface  o f  t h e  oceans  and t h e  atmos- 

p h r r e  i s  sve~*ywhert .  r - l u s e  t o  ze ro .  I ts  a b s o l u t e  v a l u e s  r ange  
7 

fro:n 1 t o  -1 kca l / (cmL ' month). 

Tsb lc  10 g i v e s  t h e  average latitudinal v a l u e s  of t h e  t u r b -  

ulent htlst. between t h e  E a r t h ' s  s u r f a c e  and t h e  atrnos- 

phere ,  o b t a i n e d  from t h e  map shown i n  F i g u r e  4 and t h e  d a t a  i n  

" A t  13s or t.tlt3 Heat Balance of  t h e  Ear th"  [ 6  1. 

As may be seen  frorrl t h i s  t a b l e ,  t h e  v a l u e s  of  t h e  t u r b u l e n t  

heat f l u x  change very l i t t l e .  I n  t h e  m a j o r i t y  o f  t h e  l a t i t u d i n a l  

::ones of  t he ocean, t h e  new v a l u e s  are  somewhat h i g h e r .  The 

deilrBense i n  t h e  turb'cilent. h e a t  f l u x  t o  t h e  s o u t h  of  40° s o u t h  

l a t i t . u d e  fcr  t h e  occsns  may b e  e x p l a i n e d  by t h e  f a c t  t h a t ,  

based on t h e  r e s u l t s  of  t h e  preser i t  s t u d y ,  a t  t h e  moderate l a t -  f 
i t u d e s  of  t h e  s o u t h e r n  hemisphere ,  t h e r e  are r e g i o n s  where t h e  I 

turbuleriL beat f l u x  i s  d i r e c t e d  from t h e  a t n ~ o s p h e r e  t o  t h e  sur- 

race o f  t h e  ocean. 
/33  



TABLE 10, AVERAGE LATITUDINAL VALUES OF THE TURBULENT HEAT 
EXCHANGE PETWEEN THE EARTH'S SURFACE AND THE ATMOS- 
PHERE, KCAL/(CM* YEAR) 

htI tud$na l  
80nd . . 

30--40 ,1 t 9 11 
10- 511 i Lyt 9 6 

- !%I I 'I I J 8 9 

Ear th  as a I " 23 8 9 

J b h o - L  ,-- --..--- ---- - - - 

Land I Oceans 

70-60' N 
gU-50 
SO-.40 
40-30 
.W--?tl 

. . 3.5. Hest. Exchange Between t-ha SurTsce of t h e  Ocesn and 

t h e  U n d e r l y i n g  Water L s y e ~ s .  

IW 1%*8 1 I" 1 IS?$ - 

Ddc t o  t h e  a c t i o n  el' t h e  ?srrents, t h e  values  of  t h e  heat 

exchange b e t w e e n  t.hu n ~ ~ e a n  s u r f a c e  and t h e  deeper  layers are de- 

t e rmined  J u s t  as  when forrnula t . ing  t h e  map o f  " A t l a s  of t h e  

Iipst B:tlance1' [51 by s l g e b r a i c  summation of  t h e  vslucs Sor t h e  

x*;~il.tat for1 b a l a n c e ,  heat l o s s  t o  e v s p o r a t  i o n  and t u r b u l e n t  heat  

exchange between t h e  scrfin s u r f a c e  and t h e  a t m o s p h e r e .  T h u s ,  

t htl : ~ l ~ c ; t ~ b l * : l  i c  sum of  t  h e  t erms s f  t he h e a t  tf:113nce C ' Y U B ~ ~ O I I  

1'01- t h e  w o r l d ' s  oct33tl :is a wheltl i s  2 %  w i t h  r e s p e c t  t o  t h e  v a l u e  

ot' : h e  ~ * : t d i a t  i o n  bi.ilan,%t., wf11c.h inc i i c s t  es the r e l i a b i l i t y  of t.hese 

mt.t flocls 1'01- ~ a l c ' u l : ~ t  lrlg t h~ ci>mpct~cnt  s ~ ) f '  t 11e h e s t  ba lance  f o r  

t h e  c\crsns .  Ttlc 3ndil8atetf  disc rep : . incy  i r l  t,hc heat b a l s r l c e  egua-  

t io11 t .~r  t t w  wor.1ci1s ~ > ~ e a n s  S J ~ S  ~ernoved when f o r m u l a t i n g  t h e  

ntttp 1'or heat l o s s  t o  tavaivl*3t i o n  and t ufblilt 'r l t  fieat exchatlr5e 

wit'h t h e  atmosphet3e .  
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F i g u r e  5 .  Heat f l u x  is positive from 
ocean surface t o  underlying 
water layers.  



t h e  oceans due t o  t h e  a c t i o n  of t h e  s e a  c u r r e n t s ,  Thia map 

shows t h e  r o l e  of t h e  c u r r e n t s  and atmospheric  c i r c u l a t i o n  in 

t h e  thermal  i n t e r a c t i o n  o f  t h e  s u r f a c e  waters o f  t he  oceans 

wi th  t h e  under ly ing water  l a y e r s ,  A t  t h e  same time t h i s  map 

c h a r a c t e r i z e s  t h e  r e d i s t r i b u t i o n  of  h e a t  between d i f f e r e n t  

ocean regions .  

It may be seen t h a t  i n  t h e  e q u a t o r i a l  and p a r t l y  a t  t h e  

t r o p i c a l  l a z i t u d e s  o f  both  hemispheres,  as a r e s u l t  o f  l a r g e  

inf low of  r a d i a t i o n  h e a t  and i t s  low l o s s  t o  evapora t ion , the  

t u r b u l e n t  h e a t  exchange between t h c  atmosphere and t h e  oceans 

reaches  20-40 kcal/(cm2 y e a r ) .  I n  t h e  d i r e c t i o n  of  t h e  h i g h e r  

l a t i t u d e s  o f  b o t h  hemispheres,  t h e r e  i s  a  dec rease  i n  t h e  ac- 

cumulation of h e a t  by t h e  oceans. Here t h e  amount of  r a d i a t i o n  

heat  is  i n s u f f i c i e n t  t o  cover  t h e  h e a t  l o s s  t o  evapora t ion  and 

t u r b u l e n t  h e a t  t r a n s f e r .  Therefore  hea t  from t h e  lower l a y e r s  

c a r r i e d  by t h e  c u r r e n t s  r eaches  t h e  s u r f a c e  of  t h e  oceans. The 

r e g i o n s  f o r  t h e  l a r g e s t  r e l e a s e  of  hea t  by t h e  wa te r s  t o  t h e  - 
atmosphere l i e  l a  t h e  reg ions  a f f e c t e d  by t h e  thermal  c u r r e n t s  

- t h e  ~ u l f  Stream and t h e  Curacao. I n  t h e s e  r e g i o n s  i n  t h e  

cold p a r t  o f  t h e  yea r ,  t h e r e  i s  an i n t e l b a c t i o n  between t h e  t h e r -  

mal waters  of t h e  ocean and t h e  c u r r e n t s  of t h e  co ld  c o n t i n e n t a l  

a i r  of North America and Asia. This  produces c o n d i t i o n s  f o r  in-  

t e n s e  t r a n s f e r  of heat  by t h e  deeper  l a y e r s  of t h e  ocean waters 

thrbugh t h e  s u r f a c e  of t h e  ocean i n t o  t h e  atmosphere, r each ing  

110  kcal/(cm2 ' y e a r ) .  

It must be noted t h a t  a t  t h e  h igh  and moderate l a t i t u d e s  

of t h e  nor the rn  hemisphere, due t o  l a r g e  temperature c o n t r a s t s  

i n  t h e  water  and t h e  a i r ,  a  s i m i l a r  process  t a k e s  p lace  i n  t h e  

reg ions  a f f e c t e d  not only by t h e  thermal  c u r r e n t s  but a l s o  ce r -  

t a i n  co ld  c u r r e n t s .  

I n  t h e  southern  hemisphere where the temperature c o n t r a s t s  

between t h e  wate r -a i r  a r e  much l e s s  t h e  heat  l o s s  from t h e  su r -  

f ace  of t h e  ocean does not  exceed - 30, -35 kcal/(cm2 y e a r ) ,  /35 



I n  t h e  r e g i o n s  in f luenced  by t h e  c o l d  c u r r e n t s  o f  both  

hemispheres (except  f o r  t h e  r e g i o n s  i n d i c a t e d  above),  t h e  su r -  

f a c e  waters r e c e i v i n g  h e a t  from t h e  Sun and t h e  atmosphere 

t r a n s f e r  a  l a r g e  p o r t i o n  o f  i t  is t h e  deeper  l a y e r s .  The l a rg -  

e s t  amount of  hea t  i s  rece ived  i n  t h e  dep ths  o f  t h e  ocean i n  

t h e  r e g i o n  of t h e  C a l i f o r n i a  c u r r e n t s  - about  60 kcal/(cm 2 .  

y e a r ) .  I n  t h e  southern  hemisphere t h e  s u r f a c e  waters o f  t h e  

Peru, Bengel and Falk land c u r r e n t s  and t h e  c u r r e n t s  of  t h e  

wes te r ly  winds t r a n s f e r  a much smaller amount of h e a t  t o  t h e  

lower l y i n g  l a y e r s  - up t o  50 kcal/(cm2 y e a r ) .  

I n  compiling t h e  average l a t i t u d i n a l  va lues  o f  h e a t  exc- 

hange between t h e  ocean s u r f a c e  and t h e  under ly ing  l a y e r s ,  

based on r e s u l t s  of  new and p rev ious  c a l c u l a t i o n s  (Table ll), 

one can observe g r e a t  d i f f e r e n c e s  i n  t h e  l a t i t u d i n a l  b e i ~ a v i o r  

of t h i s  component of t h e  h e a t  ba lance  f o r  t h e  oceans i n  both  

hemispheres. 

TABLE 11. AVERAGE LATITUDINAL VALUES OF HEAT EXCHANGE BE- 
TWEEN THE OCEAN SURFACE AND UNDERLYING LAYERS 
KCAL/ (  CM* . YEAR).  

I n  c o n t r a s t  t o  t h e  r e s u l t s  ob ta ined  p rev ious ly ,  i n  t h e  

nor the rn  hemisphere t h e r e  i s  a  s m a l l e r  accumulation of h e a t  at  

t h e  t r o p i c a l  l a t i t u d e s  due t o  a n  i n c r e a s e  i n  i t s  l o s s  t o  evapo- 

I r a t i o n .  In  t h e  southern  hemisphere hea t  e n t e r s  t h e  dep ths  of  t h e  j 

L a t i t u d i n a l  

IO-.iO -7 15 
50-6@ -11 3 

0 0 Ocesn a s  a 

whnl P 

L a t i t u d i n a l  

zone I t * 1  I t9ii 

I ocean a t  t h e  e x t r a t r o p i c a l  l a t i t u d e s ,  which r e q u i r e s  f u r t h e r  1 

70-600 N 
60-50 
50-a 
4-30 
30-20 
10- 10 
10-0 

r e s e a r c h ,  s i n c e  meteorologica l  and hydro log ica l  regimes a t  t h e s e  

l a t i t u d e s  have not been s t u d i e d  adequzte ly .  
I 
1 

-26 - 
-16 
-16 - 1 

14 
31 
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-33 
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4. Heat Balance of  t h e  E a r t h  

Data on t h e  d i s t r i b u t i o n  o f  t h e  h e a t  ba lance  components 

make i t  p o s s i b l e  t o  determine t h e  va lues  o f  t h e s e  components 

f o r  t h e  Earth.  

Table 1 2  g i v e s  t h e  va lues  of  t h e  h e a t  ba lance  components 

of the E a r t h  f o r  d i f f e r e n t  l a t i t u d i n a l  zones of l a n d  and oceans./36 

The last  column of  t h i s  t a b l e  c o n t a i n s  in fo rmat ion  on t h e  h e a t  

balance o f  t h e  Ear th  a s  a whole. 

TABLE 1 2 .  AVERAGE LATITUDINAL VALUES OF THE HEAT BALANCE 
COMPONENTS OF THE SURFACE OF THE EARTH(KCAL/ 
( C M ~  . YEAR); 

The m a t e r i a l s  g iven here  xnay be comp-red wi th  t h e  r e s u l t s  

o f  previous  s t u d i e s  on t h e  heat  balance of  t h e  E a r t h ' s  s u r f a c e .  

Table 13 gives  r e l a t i v e  va lues  o f  t h e  heat  ba lance  components 

(expressed  i n  p e r c e n t s  o f  t h e  va lues  f o r  t he  s o l a r  c o n s t a n t ) ,  

obta ined from m a t e r i a l s  from r e s e a r c h  i n  d i f f e r e n t  yea r s .  



TABLE 13. HEAT BALANCE OF THE SURFACE O F  THE EARTH 
(THE BALANCE COMPONENTS ARE OIVEN I N  PERCENTS 
OF THE AMOUNT OF SOLAR RADIATION REACHINQ THE 
EXTEBNAL ATMOSPHEXIIC BOUNDARY). 

13 7 

It may be seen  from t h e  d a t a  g i v e n  i n  t h e  l a s t  t h r e e  col- 

umns o f  t h i s  t a b l e  t h a t  t h e  r e f inemen t  o f  t h e  world maps for t h e  

h e a t  ba l ance  components h a s  been accompanied by a c e r t a i n  i n -  

c r e a s e  i n  t h e  v a l u e s  o f  t h e  absorbed  r a d i a t i o n ,  r a d i a t i o n  ba l ance  

and h e a t  l o s s  t o  e v a p o r a t i o n .  The r e l a t i v e  v a l u e s  o f  t h e  h e a ~  

ba l ance  components, found i n  t h i s  s t u d y ,  approximzte  t h e  r e s u l t s  

ob ta ined  i n  t h e  l a s t  50 y e a r s  by Houghton ( w i t h  t h e  e x c e p t i o n  of  

the  t u r b u l e n t  h e a t  f l u x ) .  

Using t h e  m a t e r i a l s  from t h e  l a s t .  c a l c u l a t i o n  o f  t h e  h e a t  

ba lance  terms, we may r e f i n e  t h e  h e a t  ba l ance  o f  t h e  E a r t h  a s  

a whole. Assuming t h e  s o l a r  c o n s t a n t  e q u a l s  1.95 kcal / (cm2 *mtn) 

and t h e  albede  of t h e  E a r t h  i s  c l o s e  t o  0 . 3 0  we f i n d  



Worldwide space 

Atmosphere 8 ' Q  
\ 1 

The Earth's surface 

Figure 6. Heat balance of thl? 
2 Earth (component balance In kcal/cm * year)). 



we f i n d  t h a t  t h e  va lue  o f  t h e  s o l a r  r a d i a t i o n  absorbed by t he  

Ear th  as a p l a n e t  e q u a l s  179 kcal/(cm2 year) (the v r o n  b 
i n  f i g u r e  6 ). Out o f  t h i r  amount, 118 kcal/(cm2 year)is ab- 

sorbed on t h e  s u r f a r e  o f  t h e  E a r t h  (arrow Q,. ), and 6 1  kca l /  

c 2  y e a r )  i s  absorbed i n  t h e  atmosphere. 

The r a d i a t i o n  balance  o f  t h e  E a r t h ' s  s u r f a c e  equal8  79 

kcal/(cm2 y e a r ) ,  and t h e  e f f e c t i v e  r a d i a t i o n  from t h e  sur- 

face  of  t h e  Earth, corresponding t o  t h e  d i f f e r e n c e  between t h e  
2 

absorbed r a d i a t i o n  and t h e  r a d i a t i o n  balance ,  i s  39 kcal /(cm . 
year )  (arrow I).  

The t o t a l  va lue  f o r  t h e  long  wave r a d i a t i o n  o f  t h e  Ear th ,  

which reaches  t h e  r e g i o n s  above t h e  s e a s , e q u a l s  t h e  amount o f  

absorbed r a d i a t i o n  des igna ted  by t h e  arrow I,. The r a t i o  

I/I, i s  much l e s s  than  t h e  r a t i o  Qa/Qsa, which c h a r a c t e r i z e s  

t h e  i n f l u e n c e  of  t h e  greenhouse e f f e c t  upon t h e  r a d i a t i o n  regime 

of  t h e  Earth.  Another c h a r a c t e r i s t i c  o f  t h e  greenhouse e f f e c t  

i s  t h e  va lue  o f  t h e  p a d l a t i o n  balance  o f  t h e  E a r t h ' s  s u r f a c e  

which e q u a l s  79 kcal/(cm2 y e a r ) .  

/38 

The energy o f  t h e  r a d i a t i o n  balance  is consumed i n  t h e  

evapora t ion  of water  (66 kcal/(cm2 y e a r ) ,  expressed  i n  t h e  

form o f  a c i r c l e  LE) and on t u r b u l e n t  h e a t  exchange of t h e  

Ear th ' s  s u r f a c e  wi th  t h e  atmosphere (13  kcal/(cm2 y e a r ) ,  arrow 

P). The atmosphere r e c e i v e s  thermal  energy from t h r e e  sources :  

absorbed s h o r t  wave r a d i a t i o n  ( 6 1  kcn?/(cm2 y e a r ) ,  h e a t  inf low 

from t h e  condensat ion of  water  vapor (66 kcal/(cm2 y e a r ) ,  ex- 

pressed  by  t h e  c i r c l e  LR), and t u r b u l e n t  h e a t  f l u x  from t h e  

E a r t h ' s  s u r f a c e  (13  kcal/(cm2 y e a r ) .  The sum of  t h e s e  va lues  

e q u a l s  t h e  h e a t  l o s s  t o  long  wave r a d i a t i o n  i n  space ,  which 

equa l s  t h e  d i f f e r e n c e  f e  and I, l e e .  140 kcal/(cm 2 y e a r ) .  
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