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Air—sea interaction (ASI) is a large-scale natural phenomenon of para-
mount importance both in the very existence of the ocean and in many of its
processes. ASI also includes the processes of heat and moisture supply to the
atmosphere (mainly in the form of latent heat of evaporation and evaporated
moisture) which create the atmospheric phenomena having the greatest
energy concentration —hurricanes and typhoons —and long-term weather
and climate anomalies.

It is usual to distinguish between small-scale (local) and large-scale (global)
ASI processes. The local AST includes in the first place the exchanges of mo-
mentum, heat and moisture through the ocean surface; important but some-
what lesser components are the exchange of gases (primarily carbon dioxide
and oxygen), the transfer of sea salt from the ocean to the atmosphere, and
the precipitation of aerosol from, the atmosphere into the ocean. Quantita-
tive descriptions of these processes are given by the coefficients of momen-
tum transfer CT, heat exchange CQand evaporation CK. These were intro-
duced for the first time by Shuleikin (1928) and are defined by the equations:

CT- T/(pu2); CO=ql(CpPubT); CE =EI(puSQ) (1)

where r, ¢ and E are the vertical momentum, heat and moisture fluxes at the
ocean surface; r is also called “wind stress”, and £ “evaporation rate” when
moisture is transferred from the ocean to the atmosphere. Cp and p are the
specific heat capacity at constant pressure and air density, respectively; u is
the wind velocity (at 10 m); OT is the difference in temperature between the
water surface and the air at 10 m; 8Q is the difference between the saturation
specific humidity of the air at the ocean surface temperature and the actual
specific humidity of the air (at 10 m). Standard values of the local ASI coef-
ficients (1) are taken to be 2 X I0-3 cm2s~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 with increasing u.
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If account is also taken of the fact that strong winds occur much more
often than would correspond to a Gaussian probability distribution of the
wind velocity vector, it becomes clear that storm regions are responsible for
the basic contributions to the momentum, heat and moisture exchanges
between the atmosphere and the ocean. This is corroborated by a small num-
ber of ¢ and E flux measurements, for instance Garstangi (1965) data. The
situation here appears to be similar to that for bottom relief changes in the
near-shore zone of the sea, which are negligible during calm weather and
become considerable only during several of the strongest storms of the year.
This point of view provides a better understanding of the interesting result
of Marchuk (Marchuk and Skiba, 1977) who has established, by numerical
integration of the so-called conjugate equations of fluid dynamics, that the
regions producing a long-term influence on weather over the territory of the
U.S.S.R. include the areas of tropical hurricanes of the Caribbean and western
tropical typhoons of the Pacific Ocean.

The vertical momentum, heat and moisture fluxes formed in the local ASI
processes, together with the quasi-constant “buoyancy parameter” (i.e. the
product of acceleration due to gravity and the air expansion coefficient char-
acterizing buoyancy), determine the structure of the atmospheric layer near
the ocean surface. The similarity theory for the surface layer of the atmos-
phere was developed from this assumption by Oboukhov and the author
(Monin and Oboukhov, 1953) and then became a basis for the interpretation
of meteorological data from the surface layer of the atmosphere in different
temperature stratifications. From the point of view of similarity theory the
near-water atmospheric layer differs only very slightly from the surface layer
over land: as regards the possibility of a formation of drift currents (and
hence in different boundary conditions for the wind velocity, instead of the
zero condition which applies on solid walls) and the feedback of surface
waves on the air motions above them. The similarity theory makes possible
the calculation of the major parameters of the local ASI from standard mete-
orological measurements of wind velocity and vertical differences of temper-
ature and humidity in the near-water atmosphere layer; special nomograms
have been constructed for such calculations.

The similarity theory for the near-water atmospheric layer can be expanded
to cover the entire atmospheric boundary layer (ABL). For this purpose it is
necessary to add to the set of determining parameters of the similarity theory
the ABL thickness, or in case of a stationary and horizontally homogeneous
ABL (called the "Ekman” boundary layer —EBL), the Coriolis parameter f
which determines the thickness of the Ekman layer through 2 ~ (r/p)1/2f~x.
Such a similarity theory for the EBL was suggested for the first time by the
author (Monin, 1950) and was later developed in a number of his co-authored
papers (Kazansky and Monin, 1960, 1961; Zilitinkevich and Monin, 1974,
1976).

The local ASI effects determine both the ABL structure and the structure
of the upper mixed layer (UML) of the ocean. The determining parameters
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of the similarity theory for the UML are the vertical momentum, heat and
salt fluxes, together with the buoyancy parameter and the Coriolis param-
eter; by contrast in the dynamical theory one of the most important addi-
tional quantities is the vertical turbulent 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 both with
its structure and with the synoptic and seasonal variations of its thickness, as
well as density jump values in the underlying pycnocline layer.

One of the most significant aspects of the UML theory is the description
of wind-driven waves —their generation, the distribution of momentum and
kinetic-energy fluxes from the atmosphere among the wind-driven waves,
internal waves, drift currents, surface waves breaking, and the generation of
dynamical turbulence causing (together with thermal 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 completely solved.

In particular, accurate experiments have shown that the elegant theories of
wind wave generation of Phillips (1957) and Miles (1957) are still inadequate
since they underestimate (by an order of magnitude) rates of growth of
wind-driven waves; Zaslavsky’s suggestions to make the theory more precise,
by taking into account the random character of turbulent wind velocity pro-
files in the near-water atmospheric layer, will still not help here. Among new
approaches Chalikov’ (1976) numerical experiments on wind-wave genera-
tion should be mentioned.

When integrated over area and time the local ASI effects lead to a number
of global processes in the ocean and the atmosphere. The most important of
these, from a practical point of view, are long-term weather anomalies. These
include, first of all, the anomalies generated by processes of the thermobaric
seiche type in the atmosphere that were the subject of a number of Shuleikin’s
(1939, 1942) papers. Next the present author has argued (Monin, 1963) that
the water surface temperature in the World Ocean is the most important
initial field for long-term weather forecasting; even small anomalies of the
water surface temperature field may correspond to rather considerable
anomalies of the heat content of the upper ocean layers, as was shown by
Kort (1970) from multi-year measurements on a section through the Kuroshio
Current.

A vivid example of a large-scale ASI process is given by the El Nifio phe-
nomenon studied by Bjerknes (1966). It consists of an attenuation of the
easterlies in the eastern part of the equatorial Pacific (on the south-eastern
periphery of the Hawaii anticyclone); this leads to weakening of the equato-
rial upwelling, heating of the upper layer of the ocean and then of the atmos-
phere above it, amplification of the trade-wind circulation and subsequently
of the easterlies in temperate latitudes, and deepening of the Aleutian cyclone.
This phenomenon can be described as a natural calamity because attenuations
of upwelling in that region lead to mass fish-kills and sharp decreases of
anchovy catches. In the Atlantic Ocean during such periods the easterlies in



temperate latitudes weaken, the Icelandic pressure minimum becomes shal-
low, the easterly winds north of Iceland slacken, and the Arctic Ocean
appears to be affected by an anticyclone in northern Alaska. Thus this pro-
cess embraces the entire Northern Hemisphere.

The global ASI is one of the most important factors in climate formation.
Climate in this context is defined as the statistical ensemble of the states
through which the atmosphere—ocean—land system passes during time
periods of the order of several decades. Not so long ago the definition of
climate referred only to the state of the surface layer of the atmosphere; it is
now clear that the entire atmosphere, ocean and their interaction should be
taken into account, as well as the active layer of the underlying land surface.
Note that representations of climate types are not strictly zonal but reflect
differences between the continents and the oceans. The significance criterion
of these differences is the rotational Mach number Ma = col/c, where co is the
angular velocity of the planet’s rotation, / the planet’s radius, and c the velo-
city of sound in the planet’s atmosphere; at large Ma zonality effects predom-
inate, and at small Ma the difference between the daytime and night-time
sides of the planet. For the Earth Ma *»1.4 and the non-zonal effects of the
differences between the continents and the oceans are comparable with the
latitudinal effects.

In regard to effects produced on the atmosphere the oceans differ from the
continents; firstly in their thermal properties, their much greater turbulent
heat conductivity and heat capacity produces a “heat inertia” smoothing short-
period diurnal and seasonal temperature fluctuations. For this reason the
oceans are cooled in winter and heated in summer to a lesser extent than are
the continents and hence appear to be warmer in winter and colder in summer
than the continents. The mean annual temperature contrasts between the
equator and the poles produce atmospheric and oceanic circulations which
serve to smooth out these contrasts; in addition in the lower atmosphere there
occur seasonal temperature contrasts (changing sign from winter to summer)
between the continents and the oceans, and general seasonal circulations
which reduce those contrasts and are called monsoon circulations. These
seasonal oscillations represent the most vivid manifestation of the difference
between the continents, where the amplitudes of the seasonal temperature
changes in the surface layer of the atmosphere are very great, and the oceans,
where the seasonal amplitudes are small. As a result the map of the seasonal
temperature amplitudes (see Fig. 1) clearly shows the distribution of land
and sea, without any indication of shorelines.

Apart from their differences in heat conductivity and heat capacity, oceans
and continents differ, on the average, in their ability to reflect short-wave
solar radiation. Satellite albedo maps show, alongside the general growth of
albedo from the equator towards the poles, an increase of albedo from the
oceans towards the continents in the same latitudes. For this reason the con-
tinents, on the annual average, should be somewhat colder than the oceans.
The planetary albedo map also exhibits a certain year-to-year variability; this
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is one of the sources of long-term changes in weather and possibly in climate.

The seasonal temperature differences between the oceans and the conti-
nents are demonstrated by maps of mean monthly sea-level temperatures. In
the winter maps, the coldest regions are found in Antarctica, Yakutiya, North
Canada and Greenland, whereas in the summer maps, the highest temperature
appears in the subtropical deserts of Africa, Southern Asia and Mexico. Mon-
soon effects are clearly demonstrated by mean monthly maps of the sea-level
atmospheric pressure. These maps show quasi-permanent subtropical regions
of high pressure amplifying from winter to summer (the Azores and Honolulu
anticyclones in the Northern Hemisphere, the Saint Helena, Mauritius and
South Pacific anticyclones in the Southern Hemisphere) and low-pressure
regions closer to the poles amplifying from summer to winter (the Icelandic
and Aleutian cyclones in the Northern Hemisphere and the circum-polar
trough in the Southern Hemisphere). On the continents, winter regions of
high pressure (in Siberia, Canada, South Africa and Australia) are replaced by
low-pressure regions in summer. The global map of annual total precipitation
gives a good presentation of the humid intertropical convergence zone and
the arid zones of the subtropical deserts. An increasing precipitation trend is
evident from subtropical to temperate latitudes, from the continents to the
oceans, as well as in the near-shore areas of the monsoon regions and on wind-
ward (mainly western) mountain slopes.

Stepanov (1974) has made considerable progress in the description of the
ocean climate. Here are some zonal characteristics of the ocean climate he
has obtained. The heat budget of the ocean is positive (the ocean is heated)
in the tropical zone between 30°N and 15°S and negative (the ocean is cooled)
beyond this zone; the greatest positive budget, up to 80—100 kcal cm-2 y-1,
isrecorded in the equatorial Pacific, the greatest negative budget, up to 75—
100 kcal cm~2y-1,in the Gulf Stream and Kuroshio zones. The mean annual
zonal temperature of the ocean surface in the tropical zone exceed 25°C,
reaching a maximum of 27.4°C slightly north of the equator; in temperate
latitudes they decrease rapidly towards the poles, dropping below zero in the
zones 60—65°S and 70—75°N. The mean temperature of the whole water
column in the World Ocean (without the Arctic Basin) is 5.7°C.

The water budget of the ocean is positive (precipitation exceeds evapora-
tion) in the equatorial zone between 10°N and 5°S and in temperate latitudes;
it is negative (evaporation exceeds precipitation) in the tropical and subtrop-
ical zones. The greatest positive budget, up to 150—200 gcm-2 y_1, is
recorded in the western part of the equatorial Pacific, the greatest negative
budget, up to 150 gcm-2 y-1, in the subtropical regions, especially of the
Atlantic Ocean. The surface water salinity reaches its maximum in the sub-
tropical ocean (35.75%o0 in the zones from 30—25°N and 20°S); it has a
secondary minimum in the equatorial zone (34.43%o0 in the zone 10—5°N)
and decreases towards the poles in temperate latitudes falling below 35%o0
in about £40° latitude to 35.5%o0 and lower in Antarctica, and to 31—30%o
in the Arctic Ocean. The average salinity of the whole water column of the
World Ocean is 34.71%o0.
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The sea water density, conveniently stated in units of o, =1000 (p — 1),
has its minimum at the ocean surface in the equatorial zone (22.18 in the
zone 10—5°N); it increases towards the poles, reaching 27.30 in Antarctica
and 26.19 in 55—60°N latitudes. Further into the Arctic Ocean ot decreases
again to 24.55.

The quasi-stationary currents at the ocean surface are evidently of wind
origin; their mean velocities are about 10 cm s-1 and they are responsible
for the piling up of water which, together with thermohaline expansion and
compression of the water, results in deviations of the ocean surface level
from the geoid equilibrium level, of the order of decimeters. The greatest
upward deviations are observed along the western peripheries of the oceans,
particularly in the subtropical zone, the greatest downward deviations in the
near-polar regions. A contribution to the motion of the ocean water, compar-
able to those quasi-stationary currents, is made by synoptic eddies with hori-
zontal scales of the order of 102 km and time scales of the order of months.

The global ASI contributes both to climate formation and to the genera-
tion of a number of 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 of the 20th century, according to Mitchells (1963) data,
occurred in the oceans; on the contrary, a slight cooling took place during
that time on the continents. The “Little lee Age” of the 17th—19th centuries,
according to Bjerknes’s (1965) assumptions, can be explained by a positive
feedback between negative anomalous temperatures in the Atlantic waters in
the vicinity of Iceland and positive anomalies in the Sargasso Sea, on the one
hand, and the attenuation of the winter atmospheric circulation in temperate
latitudes over the Atlantic due to ASI attenuation, on the other hand. The
development of this process stops at some level because of the appearance of
a negative feedback with the meridional heat transport by the ocean currents.

An alternation of glacial ages with immense ice sheets and interglacial
periods when these ice sheets melted away almost completely, occurred dur-
ing the Pleistocene, with periods of the order of 20—100 thousand years;
similar alternations apparently took place in the Permo-Carboniferous and in
earlier glacial epochs, such as the Vendian, Upper Riphean and Proterozoic.
According to Milankovich (1930) these alternations can be explained as
reasonably amplified forced oscillations caused by astronomic oscillations of
the Earth’s orbital elements and equatorial inclination to the ecliptic. Direct
evidence in favor of such an explanation (astronomic periods in the spectra
of climatic indicators) are given in the paper by Hays et al. (1976).

During the warm geological eras no resonant amplification of astronomic-
ally forced climate oscillations occurred and these oscillations were negligible
because in their minima the climatic background remained so warm that no
continental ice sheets were formed. In this scheme, the climatic background
variations (coolings and warmings) of geological eras with time scales of the
order of IO8 years are still awaiting explanation. Such an explanation may be
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found in qualitative variations of the global ASI caused by changes in the
configuration of oceans and continents (and the poles) due to continental
drift.

Quantitative theories of the global ASI can be constructed on the basis of
global physical—mathematical models of the atmosphere and the ocean in
their interaction (or, more completely, of the whole atmosphere—ocean—and
system). Of different possible classification of such models we shall point out
here their division into few-parameter models (non-hydrodynamic models
with lumped parameters) and multiparameter or comprehensive (hydro-
dynamic) models. The first group cannot lay a claim to quantitative details;
however, even before super-power computers aré created (which will make it
possible to perform statistical-hydrodynamic numerical experiments with the
multiparameter models) these models can yield a number of constructive
results, even though a really provable theory will be provided only by the
multiparameter models.

The minimum number of parameters of the models of the first type should
include the mean global temperature of the surface layer of the atmosphere
and the typical temperature difference between the equator and the poles.
Such models can be constructed in the pattern of the similarity theory for
the circulation of the planetary atmospheres of Golitsyn (1973) by adding
the parameters that characterize the role of the oceans and the continents.
The model constructed by Zilitinkevich and Monin (1976) may serve as an
example. A model with lumped parameters, due to Sergin and Sergin (1969)
should also be noted; this describes the intermittence of glacial periods.

By now several tens of multiparameter models of the atmosphere have
been constructed in different countries; however, only two genuine multi-
parameter models of the atmosphere—ocean—and system are in existence.
The first was constructed by Manabe and Bryan (1969) and has already
yielded a number of promising results. Some of its shortcomings include pre-
assigned cloudiness (from climatic data) and artificial matching of large time
intervals in the ocean with small intervals in the atmosphere. These short-
comings are eliminated in a model which was completed in 1976 in the
Leningrad Department of the P.P. Shirshov Institute of Oceanology, U.S.S.R.
Academy of Sciences, by Chalikov with the participation of Turikov,
Zilitinkevich and the author (Zilitinkevich et al., 1976). Further improve-
ments of the models of this type should lay a basis both for long-term
weather forecasting and for the theory of climate.

REFERENCES

Bjerknes, J., 1965. Atmosphere—Ocean interactions during the “ Little lee Age” (17th to
19th Centuries A.D.). WMO Tech. Note, 66:77-88.

Bjerknes, J., 1966. A possible response of the atmospheric Hadley circulation to equatorial
anomalies of ocean temperature. Tellus, 18: 820—829.

Chalikov, D.V., 1976. Matematicheskaya model vetrovogo volneniya. Dokl. Akad. Nauk
S.S.S.R., T.229: 1083-1086 (in Russian!.



93

Chalikov, D.V., 1978. The numerical simulation of wind—waves interaction. J. Fluid Mech.,
87: 561-582.

Garstang, M., 1965. Distribution and mechanism of energy exchange between the tropical
oceans and atmosphere. Dept, of Meteorology, Florida State University, Rep. to U.S.
Army Electronics Research and Development Lab. Grant No. DA-ANC-28-043-64-GS5.

Golitsyn, G.S., 1973. Vvedeniye V Dinamiky Planetnykh Atmosfer. L. Gidrometeoizdat,
104 pp.

Hays, J.D., Imbrie, J., Shackleton, N.J., 197 6. Variations in the Earth’s orbit: Pacemaker
of the lee Ages. Science, 194: 4270, 1121—1132.

Kazansky, A.B., Monin, A.S., 1960. O turbulentnom rezhime vyshe prizemnogo sloya
vozdukha. Izv. Akad. Nauk S.S.S.R., Ser. Geofiz., 1: 165—168 (in Russian).

Kazansky, A.B., Monin, A.S., 1961. O dinamicheskom vzaidmodeistvii mezhdu atmosferoi
ipoverehnostyu zemli. Izv. Akad. Nauk S.S.S.R. Ser. Geofiz., 5: 786—788 (in Russian).

Kitaigorodsky, S.A., 1960. O raschete toistchiny sloya vetrovogo peremeshivaniya v okeane.
Izv. Akad. Nauk S.S.S.R. Ser. Geofiz., 3: 425—431 (in Russian).

Kort, V.G., 1970. O krupnomasshtabnom vzaimodeistvii okeana i atmosfery (na primere
severnoy chasti tikhogo okeana). Okeanologiya,T. 10, vyp., 2: 222—240.

Manabe, S., Bryan, K., 1969. Climate calculation with a combined ocean—atmosphere
model. J. Atmos. Sei., 26: 786—789.

Marchuk, G.I., Skiba, Y.N., 1977. Chislenny raschot sopryazhennoy zadachi dlya modeli
termicheskogo vzaimodeistviya atmosfery s okeanami i kontinentami. Izv. Akad. Nauk
5.5.5.R. Fis. Atmos. Okeana, T. 12: 459—469 (in Russian).

Milankovich, M., 1930. Mathematische Klimalehre und astronomische Theorie der Klima-
schwankungen. Koppen-Geiges Haudb. Klimat. 1, A, Berlin, 176 S.

Miles, J., 1957. On the generation of surface waves by shear flows. J. Fluid Mech., 3:
185-204.

Mitchell, J.M., Jr., 1963. On the world-wide pattern of secular temperature changes. In:
Changes of Climate (Arid zone research, XX), Unesco, Paris, 161—180.

Monin, A.S., 1950. Dinamicheskaya turbulentnost v atmosfere. Izv. Akad. Nauk S.S.S.R.
Ser. Geogr., Geofiz., 14: 232—254 (in Russian).

Monin, A.S., 1963. O fizicheskom mekhanizme dolgosrochnykh izmeneniy pogody.
Meteorologiya I Gidrologiya, 8: 43—46.

Monin, A.S., Oboukhov, A.M., 1953. Bezrazmernye kharakteristiki turbulentnosti v
prizemnon sloye atmosfery. Dokl. Akad. Nauk S.S.S.R., 93: 223—226, (in Russian).

Monin, A.S., Zilitinkevich, S.S., 1967. Planetary boundary layer and large-scale atmos-
pheric dynamics. In: Global Atmospheric Research Programme (Rep. Study Conf.,
Stockholm, 28 July 1967). Stockholm, V, 1, V.37.

Monin, A.S., Zilitinkevich, S.S., 1969. On description of micro and meso-scale phenomena
in numerical models of the atmosphere. Tech. Rep. Japan Meteorol. Agency, No. 67
(Proc. WMO/IUGG Symposium on Numerical Weather Prediction, Tokyo, Nov. 26 -
Dec. 4, 1968), 1, 105-1.121.

Phillips, O., 1957. On the generation of waves by turbulent wind. J. Fluid Mech., 2:
417-445.

Sergin, V.Ya., Sergin, S.Ya., 1969. Issledovaniya po dinamike klimaticheskikh izmenemiy
v pleistotosene, Dokl. Akad. Nauk S.S.S.R., T. 186: 897—900 (in Russian).

Shuleikin, V.V., 1928. The evaporation of sea water and the thermal intercourse between
the sea and atmosphere. Gerlands Beits. Geophys., 20: 99—122.

Shuleikin, V.V., 1939. Temperaturnye volny v mussonnom polye. Dokl. Akad. Nauk
5.5.5.R., T. 22: 415-419 (in Russian).

Shuleikin, V.V., 1942. Termobaricheskiye seishi v atmosfere kak faktor smeny pogod.
Izv. Akad. Nauk S.S.S.R., Ser. Geogr., Geofiz., 1, 2: 3—25 (in Russian).

Stepanov, V.N., 1974. Mirovoy okean. — M., Znaniye, 236 pp.



Zilitinkevich, S.S., Monin, A.S., 1974. Teoriya podobiya dlya pianetarnogo pogranichnogo
sloya atmosfery. Izv. Akad. Nauk S.S.S.R., Fiz. Atmos Okeana, T. 10: 587—599.

Zilitinkevich, S.S., Monin, A.S., 1976. O global’'nom vzaimodeistvii atmosfery i okeana.
Dokl. Akad. Nauk S.S.S.R., T. 226: 1311—1314 (in Russian).

Zilitinkevich, S.S., Monin, A.S., Turikov, V.G., Chalikov, D.V., 1976. Chislennaya model’
global’nogo vzaimodeistviya atmosfery i okeana. Dokl. Akad. Nauk S.S.S.R., T. 230:
556—559 (in Russian).



