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Air—sea interaction (ASI) is a large-scale natural phenom enon  of para
m o u n t  im portance both  in the  very existence of the ocean an d  in m any of its 
processes. ASI also includes the  processes o f  h ea t  and m oisture  supply to  the 
a tm osphere (mainly in the form  of la ten t  h ea t  o f  evaporation and evaporated 
moisture) which create the atm ospheric  phenom ena having t h e  greatest 
energy concentration  — hurricanes and typ h o o n s  — and long-term weather 
and climate anomalies.

I t  is usual to  distinguish between small-scale (local) and large-scale (global) 
ASI processes. The local ASI includes in the first place the exchanges o f  m o
m en tum , hea t and moisture through the ocean surface; im p o rtan t  b u t  som e
w hat lesser com ponents  are th e  exchange o f  gases (primarily carbon dioxide 
and oxygen), the transfer of sea salt from the ocean to  the  atm osphere, and 
the precipita tion o f  aerosol from, the a tm osphere  into the ocean. Q uantita
tive descriptions of these processes are given by the coefficients o f  m om en
tu m  transfer CT, hea t exchange CQ and evaporation CK. These were in tro 
duced fo r  the first time by Shuleikin (1928) and are defined by  the equations:

CT -  T/ ( pu2); CQ = ql (CpPubT); CE = E I (p u S Q )  (1)

where r, q and E  are the vertical m om en tum , h ea t  and moisture fluxes a t the 
ocean surface; r  is also called “w ind stress” , and E  “ evaporation ra te ” when 
m oisture is transferred from the ocean to th e  atmosphere. Cp and p are the 
specific hea t capacity a t constan t  pressure and  air density, respectively; u is 
the wind velocity (a t 10 m); ÔT is the difference in tem peratu re  between the 
w ater surface and the air a t  10 m; 8Q is the difference between the satura tion 
specific hum id ity  o f  the air a t  th e  ocean surface tem perature  and the actual 
specific hum id ity  o f  the air (a t 10 m). S tandard  values o f  the local ASI coef
ficients (1) are taken  to be 2 X IO- 3  cm 2 s~1. However they  are likely to 
increase with the wind velocity. According to  some data, the drag coefficient 
Cr increases linearly, i.e. according to  CT = CTQ( 1 + lu) with I (10 m  s- 1 )-1  
and CE grow still faster w ith increasing u.
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If accoun t  is also taken o f  the fact th a t  s trong  winds occur m u ch  m ore 
o ften  than would correspond to  a Gaussian probability  d is tr ibu tion  o f  the 
wind velocity vector, it becomes clear th a t  s torm  regions are responsib le  for 
the basic contribu tions to  the m om en tum , h ea t  and moisture exchanges 
between the atm osphere and the ocean. This is co rrobora ted  b y  a small n u m 
ber of q and E  flux measurements, for instance G a rs tan g i  (1 9 6 5 )  data. The 
situation here appears to be similar to th a t  for b o t to m  relief changes in the 
near-shore zone o f  the sea, which are negligible during calm w ea ther  and 
become considerable only during several o f  the strongest s to rm s o f  the year. 
This p o in t  of view provides a be t te r  understanding of the interesting result 
of Marchuk (Marchuk and Skiba, 1977) who has established, b y  numerical 
integration of the so-called conjugate equations o f  fluid dynam ics, th a t  the 
regions producing a long-term influence on weather over the te r r i to ry  o f  the 
U.S.S.R. include the areas of tropical hurricanes of the Caribbean and western 
tropical typ h o o n s  of the Pacific Ocean.

T h e  vertical m om en tum , hea t and moisture fluxes formed in the local ASI 
processes, together with the quasi-constant “ buoyancy  p a ram e te r” (i.e. the 
p roduc t  of acceleration due to gravity and the  air expansion coeffic ien t char
acterizing buoyancy), determ ine the s tructure  o f  th e  atm ospheric  layer near 
the ocean surface. The similarity theory  for the surface layer o f  th e  a tm os
phere was developed from this assum ption by  O boukhov  and th e  au tho r  
(Monin and O boukhov, 1953) and then became a basis for the  in terpre ta tion  
o f  meteorological data  from the surface layer of the a tm osphere  in different 
tem pera tu re  stratifications. F rom  the p o in t  of view of similarity theo ry  the 
near-water atm ospheric layer differs only very slightly from  th e  surface layer 
over land: as regards the possibility o f  a fo rm ation  o f  drif t  cu rren ts  (and 
hence in d iffe ren t boundary  conditions for the w ind velocity, instead o f  the 
zero condition  which applies on solid walls) and the feedback o f  surface 
waves on the air m otions above them . The similarity theory  m akes possible 
th e  calculation of the major parameters o f  the local ASI from standard  m ete
orological measurem ents of wind velocity and vertical differences o f  tem per
a tu re  and hum id ity  in the near-water a tm osphere  layer; special nom ogram s 
have been construc ted  for such calculations.

The similarity theory  for the near-water atm ospheric  layer can be expanded 
to  cover the entire atm ospheric boundary  layer (ABL). F o r  this purpose it is 
necessary to  add to the set of determ ining param eters  of the similarity theory  
the ABL thickness, or in case o f  a stationary  and  horizonta lly  hom ogeneous 
ABL (called the " E k m a n ” boundary  layer — EBL), the Coriolis param eter f  
which determ ines the thickness of the Ekm an layer th rough h ~  ( r / p ) 1/2 f ~ x . 
Such a similarity theory for the EBL was suggested for the first time by the 
au th o r  (Monin, 1950) and was later developed in a num ber o f  his co-authored 
papers (Kazansky and Monin, 1960, 1961; Zilitinkevich and Monin, 1974, 
1976).

T h e  local ASI effects determ ine bo th  the ABL structure  and the s tructure 
o f  the  upper  mixed layer (UML) of the ocean. T he determ ining parameters
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of the similarity theory  for the  UML are the vertical m o m en tu m , h ea t  and 
salt fluxes, together with the buoyancy param eter and th e  Coriolis pa ram 
eter; by contrast  in the dynamical theory  one of the m o s t  im p o rtan t  addi
tional quantities  is the vertical tu rbu len t energy flux. Similarity of the tem 
perature profiles in the upper  thermocline was established by Kitaigorodsky 
(1960). The semi-empirical dynamical theories of the UML deal b o th  with 
its s tructure  and with the synoptic  and seasonal variations of its thickness, as 
well as density  ju m p  values in the underlying pycnocline layer.

One o f  the m ost significant aspects of the UML theo ry  is the description 
of wind-driven waves — their generation, the distribution o f  m o m en tu m  and 
kinetic-energy fluxes from  the atm osphere am ong the wind-driven waves, 
internal waves, d r if t  currents, surface waves breaking, and the generation of 
dynamical turbulence causing (together with therm al turbulence, i.e. convec
tion) UML mixing and thus determining the UML thickness and its synoptic  
and seasonal variations. All these problems are far from  com pletely  solved.
In particular, accurate experim ents have shown th a t  the  elegant theories of 
wind wave generation of Phillips (1957) and Miles (1957) are still inadequate 
since they  underestim ate (by an order of m agnitude) rates o f  growth of 
wind-driven waves; Zaslavsky’s suggestions to  m ake the theory  m ore precise, 
by taking into accoun t  the random  character of tu rb u len t  wind velocity pro
files in the near-water atmospheric layer, will still n o t  help here. Am ong new 
approaches Chalikov’s (1976) numerical experim ents on wind-wave genera
tion  should be m entioned.

When integrated over area and time the local ASI effects lead to  a num ber 
of global processes in the ocean and the  atm osphere. The m ost  im p o rtan t  of 
these, from a practical po in t o f  view, are long-term weather anomalies. These 
include, first of all, the anomalies generated by processes of the therm obaric  
seiche type in the a tm osphere th a t  were the subject o f  a num ber o f  Shuleikin’s 
(1939, 1942) papers. N ext the  present au thor has argued (Monin, 1963) th a t  
the w ater surface tem pera tu re  in the World Ocean is the  m ost  im p o rtan t  
initial field for long-term weather forecasting; even small anomalies of the 
water surface tem pera tu re  field m ay correspond to  ra the r  considerable 
anomalies o f  the h ea t  co n ten t  o f  the upper ocean layers, as was shown by 
K ort (1970) from  multi-year m easurem ents on a section through the  Kuroshio 
Current.

A vivid example of a large-scale ASI process is given by the El Niño p h e 
nom enon  studied  by Bjerknes (1966). I t  consists o f  an a t tenua tion  o f  the 
easterlies in the eastern part  o f  the equatorial Pacific (on the south-eastern 
periphery of the  Hawaii anticyclone); this leads to weakening o f  the equa to 
rial upwelling, heating of the upper  layer o f  the ocean and then  o f  the  a tm os
phere above it, amplification of the trade-wind circulation and subsequently 
of the easterlies in tem perate  latitudes, and deepening of the Aleutian cyclone. 
This phenom enon  can be described as a natura l calamity because attenuations 
of upwelling in th a t  region lead to mass fish-kills and sharp decreases of 
anchovy catches. In the Atlantic Ocean during such periods the easterlies in



tem perate  latitudes weaken, the  Icelandic pressure m inim um  becom es shal
low, the  easterly winds north  of Iceland slacken, and the Arctic Ocean 
appears to be affected by an anticyclone in northern  Alaska. T h u s  this p ro 
cess embraces the  entire N orthern  Hemisphere.

The global ASI is one o f  the m ost im p o rtan t  factors in c lim ate  form ation. 
Climate in this co n tex t  is defined as the statistical ensemble of th e  states 
th rough which the a tm osphere—ocean—land system passes d u ring  time 
periods of the order o f  several decades. N o t  so long ago the def in it ion  of 
climate referred only to  the state o f  the surface layer of the a tm osphere ; i t  is 
now clear th a t  the entire atm osphere , ocean and their in te rac t ion  should  be 
taken into account, as well as the active layer of the underly ing land  surface. 
Note th a t  representa tions o f  climate types are n o t  strictly zonal b u t  reflect 
differences between the  con tinen ts  and the oceans. The significance criterion 
o f  these differences is the ro ta tional Mach num ber Ma = col/c,  w here  co is the 
angular velocity o f  th e  p lan e t’s ro ta tion , / the p lane t’s radius, an d  c the velo
city  o f  sound in the p lan e t’s atm osphere; a t  large Ma zonality  e ffec ts  p red o m 
inate, and a t small Ma the difference between the daytim e and night-time 
sides of the planet. F o r  the Earth  Ma *»1.4 and the non-zonal e ffec ts  o f  the  
differences between the continents  and the oceans are com parab le  with the 
latitudinal effects.

In regard to  effects p roduced  on the atmosphere the oceans d iffe r  from  the 
continents; firstly in their  thermal properties, their much g reater  tu rb u len t  
hea t conductivity and h ea t  capacity produces a “hea t inertia” sm o o th in g  short- 
period diurnal and seasonal tem peratu re  fluctuations. F o r  this reason  the 
oceans are cooled in w inter and hea ted  in summer to  a lesser e x te n t  than  are 
the continents  and hence appear to be warmer in winter and co lder  in sum m er 
than the continents. The m ean annual tem perature contrasts  be tw een  the 
equa to r and the poles produce atm ospheric and oceanic circulations which 
serve to  sm ooth o u t  these contrasts; in addition in the lower a tm o sp h ere  there 
occur seasonal tem pera tu re  contrasts  (changing sign from w in te r  to  summer) 
between the continents  and the oceans, and general seasonal circulations 
which reduce those contrasts  and are called m onsoon circulations. These 
seasonal oscillations represent the m ost vivid m anifestation o f  the  difference 
between the continents ,  where the amplitudes of the seasonal tem pera tu re  
changes in the surface layer of the atm osphere are very great, and  the oceans, 
where the seasonal am plitudes are small. As a result the m ap o f  the  seasonal 
tem perature am plitudes (see Fig. 1) clearly shows the d is tr ibu tion  of land 
and sea, w ithout any indication o f  shorelines.

A part from their  differences in h ea t  conductivity  and h ea t  capacity ,  oceans 
and continents differ, on the average, in their ability to  reflect short-wave 
solar radiation. Satellite albedo maps show, alongside the general grow th of 
albedo from the equa to r  tow ards the poles, an increase of albedo from  the 
oceans towards the con tinen ts  in the same latitudes. For this reason the con
tinents, on the annual average, should  be som ewhat colder th an  the oceans.
The planetary albedo m ap also exhibits a certain year-to-year variability; this
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is one of the sources o f  long-term changes in weather an d  possibly in climate.
The seasonal tem perature  differences between the oceans and th e  conti

nents are dem onstra ted  by maps of mean m onth ly  sea-level tem peratures. In 
the winter maps, the coldest regions are found in A ntarc tica , Yakutiya, North 
Canada and Greenland, whereas in the  sum m er maps, th e  highest tem peratu re  
appears in the subtropical deserts o f  Africa, Southern Asia and Mexico. Mon
soon effects are clearly dem onstra ted  by m ean m o n th ly  maps o f  the sea-level 
atmospheric pressure. These maps show  quasi-perm anent subtropical regions 
of high pressure amplifying from  w in ter  to  sum m er ( th e  Azores and Honolulu 
anticyclones in the N orthern  Hemisphere, the Saint Helena, Mauritius and 
South  Pacific anticyclones in the S ou thern  Hemisphere) and low-pressure 
regions closer to the poles amplifying from sum m er to  w inter ( the  Icelandic 
and Aleutian cyclones in the N orthern  Hemisphere a n d  the circum-polar 
trough in the Southern  Hemisphere). On the  con tinen ts ,  winter regions of 
high pressure (in Siberia, Canada, Sou th  Africa and Australia) are replaced by 
low-pressure regions in summer. The global m ap of annua l total precipita tion 
gives a good presentation o f  the hum id  intertropical convergence zone and 
the arid zones of the subtropical deserts. An increasing precipita tion trend  is 
evident from subtropical to  tem pera te  latitudes, from th e  con tinen ts  to  the 
oceans, as well as in the near-shore areas of the m onsoon  regions and on w ind
ward (mainly western) m oun ta in  slopes.

Stepanov (1974) has made considerable progress in the description of the 
ocean climate. Here are some zonal characteristics of th e  ocean climate he 
has obtained. T he h ea t  budget of the ocean is positive (the ocean is heated) 
in the tropical zone between 3 0 ° N and 15° S and negative (the ocean is cooled) 
beyond this zone; the greatest positive budget, up  to 8 0 —100 kcal cm - 2  y- 1 , 
is recorded in the equatorial Pacific, the greatest negative budget, up  to 75— 
100 kcal c m ~ 2 y- 1 , in the G ulf S tream  and Kuroshio zones. The mean annual 
zonal tem perature  of the ocean surface in the tropical zone exceed 2 5 °C, 
reaching a m axim um  of 2 7 .4 °C slightly north  of the equa to r ;  in tem perate  
latitudes they decrease rapidly tow ards the  poles, d ropp ing  below zero in the 
zones 60—6 5 °S and 70—75°N. T he mean tem peratu re  of the whole water 
column in the World Ocean (w ith o u t  the Arctic Basin) is 5 .7°C.

The water budget of the ocean is positive (precipitation exceeds evapora
tion) in the equatorial zone betw een 10°N and 5°S an d  in tem perate  latitudes; 
it is negative (evaporation exceeds precipita tion) in the  tropical and su b tro p 
ical zones. The greatest positive budget, up  to 150—200  g cm - 2  y_ 1 , is 
recorded in the western part  of th e  equatorial Pacific, the greatest negative 
budget, up to 150 g cm- 2  y- 1 , in the subtropical regions, especially o f  the 
Atlantic Ocean. The surface w ater salinity reaches its m axim um  in the sub
tropical ocean (35.75%o in the zones from  30—25°N and  2 0 °S); i t  has a 
secondary m inim um  in the equatorial zone (34.43%o in the zone 10—5 °N) 
and decreases towards the poles in tem pera te  latitudes falling below 35%o 
in ab o u t  ±40° latitude to  35.5%o and lower in A ntarctica, and to 31—30%o 
in the Arctic Ocean. T he average salinity o f  the whole water colum n o f  the 
World Ocean is 34.71%o.
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The sea water density , conveniently stated in units  o f  o, = 1000 (p — 1), 
has its m in im um  at the ocean surface in the equatorial zone  (22.18 in the 
zone 10—5 °N); it increases towards the poles, reaching 27 .3 0  in A ntarctica 
and 26.19 in 55—60°N  latitudes. Fu rther  in to  the Arctic Ocean o t decreases 
again to 24.55.

The quasi-stationary currents  a t the ocean surface are evidently  o f  wind 
origin; their  mean velocities are ab o u t  10 cm s- 1  and they are responsible 
for the piling up of w ater which, together with therm ohaline  expansion and 
compression o f  the water, results in deviations o f  the ocean surface level 
from the geoid equilibrium level, of the order o f  decim eters. The greatest 
upward deviations are observed along the western peripheries of the oceans, 
particularly in the subtropical zone, the greatest dow nw ard  deviations in the 
near-polar regions. A con tribu tion  to  the m o tio n  o f  the ocean water, com par
able to  those  quasi-stationary currents, is m ade by synoptic  eddies with hori
zontal scales of the order of IO2 km  and time scales of the order of m onths.

The global ASI contributes  both  to  climate fo rm a tion  and to the  genera
tion  o f  a num ber o f  processes producing climate oscillations. This is particu
larly well illustrated by climate oscillations with periods of tens or hundreds 
of years, observed during historic times. For instance, the climatic warming 
of the first half  o f  the 20 th  cen tury , according to  M itchell’s (1963) data, 
occurred  in the oceans; on the contrary , a slight cooling to o k  place during 
th a t  t im e on the continents .  The “ Little lee A ge” of the 1 7 th —19th  centuries, 
according to  Bjerknes’s (1965) assumptions, can be explained by a positive 
feedback between negative anomalous tem peratures  in the Atlantic waters in 
the vicinity o f  Iceland and positive anomalies in the  Sargasso Sea, on  the one 
hand, and th e  a ttenua tion  of the winter atm ospheric  circulation in tem perate  
latitudes over the Atlantic due to ASI a t tenua tion ,  on the o th er  hand. The 
developm ent of this process stops a t  some level because of th e  appearance of 
a negative feedback with the meridional h ea t  t ranspor t  by the  ocean currents.

An alternation  o f  glacial ages with immense ice sheets and interglacial 
periods w hen these ice sheets m elted  away alm ost completely , occurred dur
ing the Pleistocene, with periods o f  the order o f  20—100 thousand  years; 
similar a lternations apparently  to o k  place in the Permo-Carboniferous and in 
earlier glacial epochs, such as the Vendian, U pper R iphean and Proterozoic. 
According to  Milankovich (1930) these alternations can be explained as 
reasonably amplified forced oscillations caused by astronom ic oscillations of 
the E a r th ’s orbital elements and equatorial inclination to  the ecliptic. Direct 
evidence in favor o f  such an explanation (astronom ic periods in the spectra 
o f  climatic indicators) are given in the paper by Hays et al. (1976).

During th e  warm geological eras no resonant amplification of as tronom ic
ally forced climate oscillations occurred and these oscillations were negligible 
because in the ir  m in im a the climatic background remained so warm th a t  no 
con tinen ta l  ice sheets were formed. In this scheme, the climatic background 
variations (coolings and warmings) of geological eras with time scales of the 
order o f  IO 8 years are still awaiting explanation. Such an explanation m ay be
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found in qualitative variations of the global ASI caused b y  changes in the 
configuration o f  oceans and continents  (and the poles) d u e  to  con tinen ta l  
drift.

Q uantitative theories of the global ASI can be co n s tru c ted  on th e  basis of 
global physical—m athem atical models o f  the a tm osphere an d  the ocean in 
their interaction  (or, m ore completely, of the whole a tm o sp h ere—ocean—land 
system). Of d iffe ren t possible classification o f  such m odels  we shall p o in t  ou t 
here their  division into few-parameter models (non-hydrodynam ic  m odels 
with lum ped parameters) and m ultiparam eter or com prehensive (hydro- 
dynamic) models. The first group canno t lay a claim to  quan tita t ive  details; 
however, even before super-power com puters  aré created (which will m ake it 
possible to  perform  statistical-hydrodynamic numerical expe rim en ts  with the 
m ultiparam eter models) these models can yield a n u m b er  o f  constructive 
results, even though  a really provable theory  will be provided only by the 
m ultiparam eter models.

The m in im um  num ber o f  parameters o f  the m odels  o f  the  first type  should 
include the m ean global tem perature  of the surface layer o f  the a tm osphere  
and the typical tem peratu re  difference between the  eq u a to r  and the poles. 
Such m odels can be construc ted  in the pattern  of the  similarity theo ry  for 
the circulation o f  the  planetary atmospheres of Golitsyn (1973) by  adding 
the param eters th a t  characterize the role of the oceans and  the  continents .  
The model construc ted  by Zilitinkevich and Monin (1 9 7 6 )  may serve as an 
example. A model with lum ped  parameters, due  to Sergin and Sergin (1969) 
should also be no ted ; this describes the in term ittence  o f  glacial periods.

By now  several tens of m ultiparam eter models o f  the a tm osphere  have 
been construc ted  in d iffe ren t countries; however, only tw o  genuine m ulti
param eter m odels of the a tm osphere—ocean—land system  are in existence. 
The first was construc ted  by Manabe and Bryan (1969) and  has already 
yielded a num ber of promising results. Some o f  its shortcom ings include p re
assigned cloudiness (from climatic data) and artificial m atching  of large time 
intervals in the ocean with small intervals in the atm osphere . These sho rt
comings are eliminated in a model which was com pleted  in 1976 in the 
Leningrad D epartm en t o f  the P.P. Shirshov Insti tu te  of Oceanology, U.S.S.R. 
Academy o f  Sciences, by Chalikov with the partic ipation o f  Turikov, 
Zilitinkevich and the au tho r  (Zilitinkevich e t  al., 1976).  F u r th e r  im prove
m ents of the m odels of this type  should lay a basis b o th  fo r  long-term 
weather forecasting and for the theory of climate.
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