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Abstract—Results are reported from experimental and theoretical studies of the energy and mass exchange of
a body of water with the atmosphere. A new parametric model has been developed on the basis of experimental
data that takes into account the influence of the depth of the basin on evaporation, its heat exchange with the
atmosphere, and the water-surface friction at different wind speeds. Comparison of the model with measure-
ments during the LITFASS-98 and LITFASS-2003 experiments (Germany) shows good consistency. The
results indicate, on the one hand, that the depth of the basin has a large effect on the intensity of energy exchange
under natural conditions. On the other hand, the examples shown in the paper illustrate good agreement of the
model calculations with experimental data. On the basis of the experimental data on the influence of the basin
depth on the intensity of the interaction between the basin and the atmosphere, a balance model of the energy
exchange in the coastal zone has been developed. The balance model calculates the momentum, heat, and mois-
ture fluxes at different distances from the shore. Results of using the new model to estimate the intensification

of evaporation and the heat exchange of the northern Caspian and the Kara-Bogaz Gol are discussed.

DOI: 10.1134/S0001433806030078

1. INTRODUCTION

Evaporation and heat exchange are the main com-
ponents of the water and heat balance of a basin. For
this reason, their determination has been historically
of special interest. The rate of evaporation and heat
exchange depends on the properties of air masses
moving over the sea and is determined mainly by con-
ditions of the underlying sea surface. A fairly reliable
method for measuring evaporation and heat exchange
is a straightforward method based on direct measure-
ments of turbulent fluctuations of air humidity and
temperature and the vertical wind component with a
further calculation of the instantaneous vertical fluxes
[1]. The time averaging of these quantities gives flux
values at a point. To determine the evaporation and
heat exchange for a certain water area, their values
need to be measured at many sites, a procedure that is
not as yet possible. Therefore, this problem is solved
by parametrization of turbulent fluxes [2, 3], with a
further derivation of empirical relationships.

To determine the evaporated water and heat
exchange, various methods are used, among which
two basic classes are noteworthy: (1) methods using
the equations of the water and heat balance of the sea
and (2) methods using empirical and semiempirical
relationships of different kind.

The balance methods are known to give an integral
value of visible evaporation from the entire basin and
the heat exchange of the basin. Often, it is the integral
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quantity that is required to carry out water-manage-
ment calculations, so the balance methods are most
widespread in practice. At the same time, it should be
kept in mind that the capability of the balance meth-
ods for determining local evaporation and heat
exchange are limited by the assumption of spatial
homogeneity of these characteristics, which is not ful-
filled in most cases.

Apart from this major shortcoming of the balance
method, it is clear that the evaporation and heat
exchange can be determined indirectly, as a closure
term in the water and heat balance equation. In this
case, the errors in the terms of the equation will
become the errors of the sought variables.

The methods of the second type for the indicated
range have an important advantage: they calculate val-
ues of the true, not visible, evaporation. In addition,
the methods of the second type give insight into the
spatial variability of evaporation and heat exchange
and allow one to examine their regional features.
Finally, integration of evaporation and heat exchange
with respect to area should give information about the
resultant (integral) evaporation and heat exchange. A
disadvantage of this method is the use of simple
semiempirical relations in which the complex nature
of the air—sea interaction is disregarded for the calcu-
lation of evaporation and heat exchange. In particular,
the estimates of the magnitudes of evaporation and
heat exchange are still made with no correction for
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basin depth. It is evident, however, that the shallow
basins must evaporate faster than the deep ones.

Previous investigations [4] have shown that
changes in the water-balance components account for
only 90% of the current sea-level variations of the
Caspian Sea. There may be a number of factors that
induce the indicated imbalance, but we supposed that
it could have been caused by an insufficiently correct
calculation of the evaporation from the shallow north-
ern Caspian. An overview of the methods of calcula-
tion of evaporation and the heat and energy exchange
has demonstrated that the state-of-the-art models of
the heat and mass exchange between a basin and the
atmosphere do not take into account the small-scale
interaction between the shallows and the atmosphere.
The point is that waves in shallow water are steeper
than in the open and deep-water parts of the sea and
break earlier (at lower wind speeds). These peculiari-
ties must lead to an increase in the aerodynamic
roughness of the water surface and, consequently, to a
more intense turbulent exchange of momentum, heat,
and moisture. It is possibly owing to these conditions
that the Kara-Bogaz Gol, after it became isolated from
the Caspian in 1980, was drying up almost twice as
rapidly than expected. The overview has also shown
that a reliable method of estimation of the evaporation
and heat exchange of shallow lakes and coastal areas
does not exist so far. This situation has initiated a new
field in the investigations at the Land Water—Atmo-
sphere Interaction Laboratory of the Water Problems
Institute, Russian Academy of Sciences, with empha-
sis on the development of theories about the nature of
the interaction between a shallow basin and the atmo-
sphere. Investigations have been carried out both
experimentally and theoretically.

2. ANALYSIS OF MEASUREMENTS
OF THE SURFACE FLUXES OF MOMENTUM,
HEAT, AND MOISTURE IN THE SHALLOW
NORTHERN CASPIAN

The main experimental data were obtained at the
shallow northern Caspian. Three expeditions were
conducted on the R/V Akvatoriya from 1990 through
1992. The main objectives of the experiment were to
measure turbulent momentum, heat, and moisture
fluxes; surface waves; and related hydrometeorologi-
cal parameters at different depths of the sea.

The equipment for measurements of heat, mois-
ture, and momentum fluxes and instruments for mea-
surement of surface waves and accompanying
hydrometeorological data were installed on the tower
of and aboard the R/V Akvatoriya at different sites of
the northern Caspian and at different depths (from 3 to 8
m). The signal from the instruments was transmitted
over a cable to the R/V Akvatoriya, where it was
recorded on a computer and preprocessed. The vessel
was anchored at a distance of 20 to 25 m from the
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tower. This setup allowed obtainment of data on surface
fluxes and accompanying information under relatively
undisturbed conditions. The equipment passed appro-
priate tests during the KUREX-99 [5] and FIFE-89 [6]
international experiments.

The unique information thus obtained was further
used for direct analysis of the intensity of evaporation
and heat and momentum exchange depending on the
depth of the sea and wind-wave parameters. Hydro-
meteorological information was used to calculate sur-
face fluxes of momentum, heat, and moisture by using
the bulk parametrizations for a deep sea [3, 7-10].

Our first experimental data have already shown
significantly larger values of the interaction character-
istics in comparison with their typical values under
similar hydrometeorological conditions in deep water.
This is illustrated by the relationship between the drag
coefficient Cp, and the parameters Cy/Us (where Cj is

the phase velocity of the major harmonic of surface
waves and Uy is the above-water wind friction veloc-

ity) and h/H (where h is the height of surface waves
and H is the depth of the sea at a measurement point),
which characterize the dynamic state of surface waves
(Figs. 1a, 1b). The drag coefficient C changes by
about an order of magnitude from values of less than
1 x 107 to 6 x 10, With moderate wind waves
(Co/Uy > 20; h/H < 0.1), the experimental points con-

centrate around Cp = 1 X 107, a typical value for deep
water. As the wind becomes stronger, surface waves in
shallow water begin to break earlier than in deep
water. As a result, the friction of the water surface
increases sharply even with a small increase in the
parameters Cy/Uy and h/H and the drag coefficient C,

attains 6 X 10~ when Cy/Ux = 10 and h/H = 0.15,
respectively.

The effect of the enhancement of the water-surface
friction and of the intensity of evaporation and heat
exchange between shallow water and the atmosphere
as compared to deep water is most clearly seen in Fig. 2a.
Comparison of the measured drag coefficients and
Stanton (Cy) and Dalton (C,) numbers with those cal-
culated by bulk parametrizations (Panin, 1985) under
different dynamic states of surface waves (h/H) shows
that the measured values are more than twice as large
as those calculated for deep water.

The difference between the measured heat and
moisture fluxes on the one hand and their bulk param-
etrizations [2, 3, 10] on the other attains 500 W/m? in
different dynamic states of surface waves (Cy/Uy and

h/H) (Figs. 2b, 2c). At the same time, during moderate
wind waves (Cy/Uy > 20; h/H < 0.1), it is seen in Figs. 2b

and 2c that the model calculations agree well with the
measured moisture and heat fluxes. When h/H is less
than 0.1 (h/H < 0.1), the waves are low and result in no
Vol. 42
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additional intensification of the vertical exchange pro-
cesses.

It is evident that, during moderate wind waves in
shallow areas, the breaking of waves is still not
observed. In this case, we obtain the expected result:
the calculated data are consistent with measurements
(the discrepancies generally do not exceed 100 W/m?,
and they are random). Figures 2b and 2c, therefore,
clearly illustrate a satisfactory simulation of the
results by the model computations (formulas (4) and
(5)) when h/H <0.1.

3. THEORETICAL GENERALIZATIONS
AND PARAMETRIZATION OF HEAT EXCHANGE
AND EVAPORATION IN THE BOUNDARY
LAYER ABOVE A BASIN

By means of spectral analysis of wind, tempera-
ture, and humidity on the one hand and of surface
waves in a deep basin on the other, it was shown [3,
10-14] that temperature and moisture spectra, as well
as cospectra of heat and moisture fluxes, are far less
subject to the wave effect than the spectra of wind
velocity and cospectra of momentum fluxes. This

E = Cl},, PUZAGs,

H; = CZ}J, PcpU AT,

In (4) and (5), oo =—~(dIlnp/d7), , = 1/T is the coefficient
of thermal expansion of air; B = —(dlnp/dg), r = 0.61; vy
and v are the kinematic coefficients of molecular dif-
fusion of heat and water vapor in the air, respectively;
b =PBcp/oh=0.073 (at T,= 297 K); g is the gravitational
acceleration; p is the air density; cp is the specific heat
of air at constant pressure; Bo is the Bowen ratio (Bo =
H,/AE); A is a coefficient (A = 0.15); and L is the
Monin-Oboukhov length.

Finally, from standard hydrometeorological data
T, T, q., U, and z, the values of evaporation and heat
exchange of a deep sea with the atmosphere can be
determined directly from (4) and (5).
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means that self-similarity conditions can be more
widely used in describing evaporation and heat
exchange of a basin with the atmosphere than in
describing the characteristics of dynamic interaction.

In this case, the change in the heat exchange and
evaporation in the boundary layer over a basin is eas-
ier to describe as

Cr.. = Fr (zlhg; Z/L; hg/d,; Pry; Pr,). (D)

With the Prandtl numbers held constant and equal to
one another (Pr; = Pr, = Pr = 1.0) and the measurement
height being fixed (for example, z = 10 m), formula (1)
can be rewritten as

Cr.. = Fr,(z/L; hld,). (2)
Assuming that J, in (2) can be represented to within a
numerical factor as 8, ~ V/uy and h ~ z,, we have

Cr.. = Fr o (2/L; ZguylVv). (3)

The determination of the form of F7. , is discussed in
many publication [10, 15, 16]. We consider the final
formulas that formed the basis for the calculation of
evaporation and heat exchange of a deep sea

1/3

(1 +b/Bo)} at U,y<3 m/s
“)

[1/(1+3.52/L)1[1 + 10 (zou,/v)""] at z/L>0,
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2
VTg (1+ b/Bo)} at U,y<3mis

&)

[1/(1+3.5z/L)1[1 + 10 (zous/v)™*] at z/L>0.

Parametrization of Interaction of a Shallow Sea
with the Atmosphere

Note that the sensitivity of evaporation and heat
exchange to the depth of a basin was pointed out ear-
lier (see [10, 12, 17, 16]). The intensification of the
energy and mass exchange between a shallow basin
and the atmosphere is caused by a change in the heat
regime of the basin [18, 19] as well as by a change in
the aerodynamic roughness of its surface [17, 20].
Whereas thermal changes are taken into account in the
calculations through the use of actual data on surface
temperature, the roughness changes are usually disre-
garded.
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Fig. 3. (a) Coefficient of the intensification of evaporation and heat exchange between the water surface and the atmosphere and (b)
wind friction velocity at different wind speeds at z = 10 m and different depths.

resented with an error of about 25% of the calculated
value as

UL = Uy + Uk = U (1 + 1L6HIH),
HYY = Hy+ HkS = Hy(1+ 200H),  (6)

Y = E+Ek§W%zE(1 +2h/H),

where kiw = kzw = 2.0 and k?,w = 1.6 are empirical
coefficients.

In (6), 1SV is the shallow-water wave height to be
measured.

Data on AW are often missing, so the empirical
235

0.07U%(gHIU
8 2) can be used. The

relation A8V =

intensification of the energy and mass exchange
between shallow basins and the atmosphere, obtained

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

from empirical formulas (6), is illustrated in Figs. 3a
and 3b for different wind speeds.

Effects of the Coastal Shallow Zone

It should be remembered that the air flow in the
coastal zone is transformed [12, 16], which leads to
additional difficulties in the calculation of the energy
and mass exchange. A number of experimental and
theoretical studies are available for this zone [21],
including a comprehensive investigation of the struc-
ture of the internal boundary layer (IBL). However,
quantitative estimates of the turbulent fluxes in this
zone differ widely among investigators, while attain-
ing 100% [20].

Using our own experimental data on the influence
of the depth of a basin on the interaction intensity, we
have developed a model of the energy and mass
exchange in the coastal zone.

Vol. 42 No.3 2006
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We use the notion of the surf zone (x < LY), where
hO(x) = HOx)f(tano ) = 0.5HO(x).

At the boundary of the coastal zone, it is possible
to use dispersion relations for both a deep sea (Cy =

g/®) and a shallow sea (Cy = /gH ). As a result, we
(+)

can write — =27 =~ 6.28.

The equation of the energy balance in the coastal

(+)

zone for (
T

=2n = 6.28) can be written as

on*  h'?
ox = 1@

F(tana). 7

The value of the function F(tana ) is found as

T on h“)2
Sodx = j F(tano)dx. 8)

L Jas

After integration, we have

R(x) = K2 - h“”(L “Yp(ana). ()

For x = LY, we obtain

Y = 05H” = 0.5tanal”. (10)
Equation (9) is rewritten as
OS]
PICEIACENS h(”z(é——-(_——L——)F(tanoc)
L (11)
= (0.5tano)’ L7,
Let F(tano ) = ¢. Then,
()2 (+)2 Lo
h =h [1 —c(l - H (12)
+)
L
) )
For “— < 1, we obtain ¢ = 1 - (h—) L3
L h(+)

It is clear from (12) and (13) that the parameter ¢
depends on the type of coastal zone and its experimen-
tal determination is required for a particular basin.
Assuming that h9/h® = 0.5, we obtain ¢ = 0.75.
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Therefore, the final expression for the wave height in
the coastal zone can be written as

172
0 = 1115
L
~nlo2s(1- 21"
L( ) ’

where x is the distance from the shore.

Using the mean statistical dependence of the wave
2

U
height on wind velocity A ~ 0.16—8? [22] and the

HY g U

ratio L™ = =
2mtano

tano  @tano gtano’

obtain the required expression for the wave height in
the coastal zone in the final form

2

U 12
h(x) = 0.16—2[1 —c(l _ izgtanocﬂ
g 2U

z

(15)

Relation (15), when combined with empirical formu-
las (6), allows one to calculate heat, moisture, and
momentum fluxes at different distances from the shore.

For this purpose, it suffices to determine tano =

(+)

H _H_ and the coefficient c.
L(x) 1®

First, we should make sure that our method of calcu-
lating the wave height in the coastal zone is correct. For
this purpose, we used results of calculation of the wave
height in the Baltic Sea [23] with the aid of the WAM
model [24]. The wave parameters calculated with the
WAM model were preliminarily compared with wave
buoy measurements in the Baltic Sea. Comparison
showed their good consistency. We now present the
results of comparison (Fig. 4) of the wave heights from
the Panin model with those obtained with the WAM
model [24] at wind speeds varying from 2.5 to 20 m/s.

Calculations have shown that the models produce
similar wave heights at wind speeds from 2.5 to
15 m/s and discrepancies appear at wind speeds above
15 m/s, attaining 0.5 m/s at a wind of 20 m/s.

For a quantitative estimation of heat, moisture, and
momentum fluxes in the coastal zone of particular
basins, information about these fluxes in the open,
deep zone is required. This information can be
obtained by conducting an experiment in a deep sea or
Vol. 42
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Fig. 4. Comparison of the calculated wave heights from the proposed model with those from the WAM model (WADIM Group,

1988) for wind speeds varying from 2.5 to 20 m/s.

by using the results from the model calculation (see
formulas (4), (6)).

4. COMPARISON OF MODELED
AND EXPERIMENTAL DATA

Shallow Basin

Data for testing the model of the heat and moisture
exchange between shallow basins and the atmosphere
were collected during the LITFASS-98 [25, 26] and
LITFASS-2003 experiments. The experiments were
conducted by efforts of scientists from leading Ger-
man universities of Saxony (at the Meteorological
Observatory Lindenberg, 50 km south of Berlin). Dur-
ing these experiments, surface fluxes were measured
over different types of underlying surface, including
Great Kossenblatt Lake (Fig. 5a). Vertical fluxes of
heat, moisture, and momentum, along with radiation
fluxes, were measured at a tower installed in the
2.5-m-deep lake (Fig. 5b).

The main results are presented in Figs. 6 and 7.

Figure 6 clearly illustrates the role of the shallow-
water effect in the model computations of moisture
fluxes. Comparison of the Panin model with the Foken
model [7-9] for a deep sea has shown that the system-
atic discrepancy between the models is about 12%
(Fig. 6a). The difference increases at large evapora-
tion values and attains 75 W/m? when the evaporation
is 300 W/m?2. The inclusion of the effect of evapora-
tion intensification due to depth in the Foken model
(Fig. 6b) leads to a nearly full coincidence of the
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model results (discrepancies being a mere 2%). Com-
parison of the model calculations with direct measure-
ments of turbulent moisture fluxes (Fig. 7a) and total
heat exchange (LE + Hy) also yielded reasonable
results (Fig. 7b).

The error of simulation of the latent heat fluxes in
the LIFTASS-2003 experiment by our model was 1%,
with a correlation coefficient of 0.9. The total heat
exchange (LE + Hy) is modeled with an error of 4%,
the correlation coefficient being 0.9.

Coastal Shallow Zone
Very often, uncertainty arises in the choice of a
relationship for the water-surface drag coefficient Cp,.
In most cases, the dependence of Cp on wind velocity
is used in the form

10°Cy, = a+bU,,. (16)

Most often, (16) is used with the following values for
the coefficients a and b [27]:

10°Cp, = 0.75 + 0.067U .

However, the majority of experiments were con-
ducted in the coastal shallow zone, where surface
waves, as was noted above, are steeper than in deep
water. Therefore, the drag coefficient of water sur-
face is to be increased and the interaction between
shallows and the atmosphere is to be intensified. At
the very least, it might be expected that the simple
relation (16) should be corrected by taking into
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Fig. 5. (a) Great Kossenblatt Lake and (b) the tower for measurement of the vertical heat, moisture, and momentum fluxes together
with radiation fluxes. The depth is 2.5 m.
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Fig. 6. Comparison of the latent heat exchange from the
Panin model with the Foken model (a) without and (b) with
a correction for the shallow-water effect at Great Kossen-
blatt Lake during the LITFASS-98 experiment.

account the effect of the basin depth on water-sur-
face friction.

There are a number of results from experimental
studies where the coefficients a and b vary widely
and show some dependence on the basin depth.
Donelan’s measurements [28] at Lake Ontario, at a
depth of 10 m, gave values of 0.37 and 0.137 for a
and b, respectively. Later measurements [29] at Lake
Washington, at a depth of 4 m, yielded 0.87 and
0.078 for a and b, respectively. Graf’s measurements
on Lake Geneva, at a depth of 3 m, found a and b to

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS
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Fig. 7. Comparison of directly measured and calculated
latent heat exchange (LE) and resultant heat exchange
(LE + Hy) from the Panin model at Great Kossenblatt Lake
during the LITFASS-2003 experiment for wind directions
from 180° to 330°.

be 1.09 and 0.094, respectively. Wieringa [30], at
Lake Flevo, at a depth of 3 m, obtained 2.21 and
0.020 for a and b, respectively. Using the published
data, we have determined the water-surface drag
coefficient Cp at a wind speed of 10 m/s and ana-
lyzed its dependence on depth (Fig. 8a). The data of
12 independent experiments show a clearly defined
dependence of Cp, on depth.

Note that similar empirical relations can also be
derived for other wind speeds. At low wind speeds
(below 5 m/s), however, the correlation between the
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Fig. 8. (a) Drag coefficient (Cp) as a function of the
depth of the sea at U;; = 10 m/s. Points /—/2 are experi-
mental data: (/) Wieringa (1972), Lake Flevo (depth at
the measurement point is 3 m); (2) Panin et al. (1996),
Northern Caspian (depth at the measurement point 4 m;
(3) Graf et al. (1984), Lake Geneva (depth at the mea-
surement point 3 m); (4) Atakturk and Katsaros (1999),
Lake Washington (depth at the measurement point 4 m);
(5) Donelan (1982), Lake Ontario (depth at the measure-
ment point 10 m); (6) Sheppard et al. (1972), Loch Ness
(depth at the measurement point 15 m); (7) Geernaert et al.
(1986), North Sea (depth at the measurement point 16 m);
(8(1)) HERMAX experiment, North Sea (depth at the
measurement point 18 m) (Smith et al., 1992); (8(2))
HERMAX experiment, North Sea (depth at the measure-
ment point 18 m), momentum flux data reanalysis, Oost
(1998); (9) Geernaert et al. (1987), North Sea (depth at
the measurement point 29 m); (/0) Kitaigorodskii et al.
(1973), Caspian Sea (depth at the measurement point 40 m);
(11) Smith; and (b) model calculation of the drag coeffi-
cient with ¢ = 0.75 (straight line).
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drag coefficient Cp, and the basin depth decreases and
the dependence becomes less distinct. Evidently, the
role of boundary-layer stratification increases with
decreasing wind speed. As a result, the dependence
itself deteriorates.

A full overview of measurements of turbulent
fluxes during light winds and their analysis was made
by Kanta and Clayson [32]. Analysis of the energy and
mass exchange between the deep sea and the atmo-
sphere has shown that the wave age becomes an
important parameter [31-35].

Here, particular attention is given to the interaction
processes between the coastal shallow zone of the sea
and the atmosphere.

Figure 8b clearly demonstrates the nearly full coin-
cidence of the drag coefficient Cy calculated from our
model at ¢ = 0.75 with the data of all 12 independent
experiments.

5. ESTIMATION OF THE SHALLOW-WATER
EFFECT FOR REFINEMENT
OF EVAPORATION IN THE NORTHERN
CASPIAN AND KARA-BOGAZ GOL

We now consider the new estimates of the role of
the depth in evaporation from the northern Caspian,
but first we present a brief analysis of the wind and
wave regime of this region.

The largest impact on the intensification of evapora-
tion in the northern Caspian, as was noted above, may
come from a storm wind. The severest storm occurred
there in November 1952. It was caused by a steady
southeasterly wind of long duration (four days). The
wind speed during the storm attained 34 m/s.

The frequency of wind speeds (without regard for
direction) is presented in Tables 1 and 2 and indicates
that strong winds (above 15 m/s) account for 3% of
cases. At the same time, the number of days in a year
with winds over 15 m/s, e.g., at Fort Shevchenko, may
be as large as 40 to 70.

According to Skriptunov’s data (Table 2), wind
speeds do not exceed 5 m/s in 55% of cases. This means
that it is important to take into account the shallow-
water effect in 45% of cases. As the wind speed
increases, the duration of its action decreases (Table 3).

In the northern Caspian, waves can reach the max-
imum development possible in shallow basins, with
breaking of all high and medium waves, a result that
may cause a considerable intensification of the evapo-
ration and heat exchange in this region. Because the
Northern Caspian has shallow depths, the waves rap-
idly become steady when the wind arises. Wave
parameters have a weak dependence on wind direc-
tion. The waves are characterized by a high steepness,
which in a fully developed sea may reach a limiting
value of 1/7.
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With respect to wave-regime features and wave-
growth conditions, the northern Caspian can be
divided into two areas eastern and western. The east-
ern area is very shallow, with maximum depths of 8 m
in its central part (Ural trough). The western area
resembles an open bay on the side of the middle Cas-
pian, with a shallow estuarine zone of the Volga River
in the northern part.

In the northern Caspian, the frequency of waves is
closely related to the frequency of winds. Easterly
winds prevail throughout the year, especially in winter
months. Their frequency is about 30% in winter and
10% in June and July. The southeasterly wind is char-
acterized by the same annual cycle of frequency. This
is probably linked to the effect of the Siberian High,
which reaches the maximum development in winter
and nearly disappears in summer. Westerly, north-
westerly, and northerly winds have a higher frequency
of occurrence in summer months (June and July). The
frequency of northeasterly winds varies within narrow
limits throughout the year except for December, when
it is minimal (8.4%). Southerly and southwesterly
winds occur rarely. Calms are most frequent in the
summer months and in the early fall (July, August,
September, and October).

The intensification of evaporation and heat
exchange in this region may also be caused by storm
surges. The vast shallows of the northern Caspian,
small bottom and dry-land slopes, configuration of the
shoreline, and intense wind activity are favorable for
the development of considerable storm surges.

As follows from Fig. 3a, it can be noted that evap-
oration from shallows in natural conditions (at typical
wind speeds) may be 1.5-2 times the value of evapo-
ration from a deep sea. Actually, the frequency of
strong winds (over 15 m/s) is low (Tables 1-3) and,
therefore, their contribution to the total evaporation
should not be so large.

We now turn to the corresponding estimates for the
northern Caspian. In accordance with our model, to
estimate the shallow-water effect, it is necessary to
have statistical information about wind speed and fre-
quency and information about depths and areas. Sep-
arately from the Kara-Bogaz Gol, consider the bathy-
metric chart of the Caspian Sea (Fig. 9) compiled from
the bathymetric data of Lavrov (Fig. 10).

Examples of the calculation of evaporation intensi-
fication for the northern Caspian are given in Figs. 11a
and 11b for winds of 10 and 20 m/s, respectively.

Our estimates show that evaporation in the coastal
northern Caspian increases by 15% at wind speeds of
10 m/s and by 30% at 20 m/s. In the deeper middle
part of the northern Caspian, the evaporation intensi-
fication due to consideration for the sea depth is 5 and
10%, respectively.
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Table 1. Frequency of wind speeds by gradations (Aliev et al.,
1988)

Wind speed, | Frequency, | Wind speed, | Frequency,
m/s % m/s %
Below 2 6 10-12 12
2-4 14 12-14 7
4-6 20 14-16 3
6-8 19 16-18 2
8-10 16 Above 18 1

Table 2. Frequency (%) of wind speeds at Tyulenii Island in
April-November 1937-1995 (from Skriptunov)

Wind speed, m/s Frequency, %
Calm 13.07
1-5 42.4
6-10 37.3
11-15 59
16-20 1.25
21-25 or more 0.08

Table 3. Frequency (%) of wind speeds by gradations and
duration at Fort Shevchenko (Koshinskii, 1975)

Wind speed, Lower limit of duration, h
ms 6 12 24 48
Below 3 25 20 8 1
4-6 24 12 3 0.2
7-9 23 10 2 -
10-14 26 14 8 0.4
15-19 28 8 2 -
20-24 33 12 - -

The interannual variation of the evaporation E
from the surface of the northern Caspian differs
greatly from that obtained earlier [3]. The annual
mean evaporation from the northern Caspian made up
114.9 cm, or 14 cm higher than that calculated in our
model without considering shallows [3].
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Fig. 10. Bathymetric chart of the Kara-Bogaz Gol in summer 1999 (from Lavrov’s data).

As an example, distributions of the long-term 12b) and July (Figs. 13a, 13b) are given without and
means (for the period from 1904 to 1987) of latent with consideration for the intensification of vertical

heat over the Caspian Sea area in April (Figs. 12a, exchange with depth.
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Fig. 11. Results from model calculation of evaporation intensification in the northern Caspian at (a) 10 m/s and (b) 20 m/s.

Thus, it may be concluded that the proposed model
of the heat and moisture exchange of shallow and
coastal water areas with the atmosphere allows refine-
ment of the characteristics of the air—sea interaction
on the basis of standard hydrometeorologic informa-
tion. To design and test the model, not only direct
measurements of turbulent momentum, heat, and
moisture fluxes but also surface-wave characteristics
were used. Data were obtained in deep and shallow
areas of the open sea and in its coastal zones. The new
model makes it possible to estimate the direct influ-
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ence of the depth of a basin on the energy and mass
exchange, both in the open sea and in the coastal
zones.

On the one hand, the examples given here are
indicative of a significant influence of the basin depth
on the intensity of energy exchange in natural condi-
tions. On the other hand, the examples illustrate that
the model results are in good agreement with experi-
mental data. Under real conditions, with the use of
direct measurements of the area, depth, and wind fre-
quency, the correction for the shallow-water effect
2006
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Fig. 12. Distribution of the long-term means (from 1904 to 1987) of latent heat across the Caspian Sea in April (a) without and
(b) with the correction for vertical exchange intensification due to depth.
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Fig. 13. Distribition of the long-term means (from 1904 to 1987) of latent heat across the Caspian Sea in July (a) without and
(b) with the correction for vertical exchange intensification due to depth.
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gives a 14% increase in the resultant evaporation from
the northern Caspian.

CONCLUSIONS

It may be stated that the results obtained point to a
substantial omission in investigating the nature of the
water body—atmosphere interaction. The overview of
the methods of calculation of evaporation and heat
and energy exchange has shown that the up-to-date
models of heat and mass exchange between a body of
water and the atmosphere do not take into account the
features of the small-scale interaction between shal-
lows and the atmosphere. Waves in shallow zones are
steeper than in the open and deep sea and break earlier
(at lower wind speeds). All this leads to an increase in
the aerodynamic roughness of the water surface and,
consequently, to a more intense turbulent exchange of
momentum, heat, and moisture. The overview has also
shown that there is still no reliable method of estima-
tion of evaporation and heat exchange in shallow lakes
and sea coastal zones.

It is shown that comparison of different parameter-
izations used for the calculation of sensible and latent
heat fluxes in the open sea and corrected for the shal-
low-water effect provides good results. Even at low
wind speeds, the effect of the flux increase in shallow
lakes (by example of the LITFASS-98 and LITFASS-
2003 experiments) attains a value of 10 to 20%, larger
than the differences between the calculated and mea-
sured fluxes. This means that the proposed parameter-
ization is well suited for the lakes where a standard
dataset is available on wind speed, air and water tem-
perature, air humidity, and depth. The model of the
energy exchange between a body of water and the
atmosphere in the coastal zone also agrees well with
experimental data on the drag coefficient measured by
various investigators.

Overall, our theoretical generalizations and exper-
imental investigation of the role of the basin depth in
the intensification of evaporation, heat exchange, and
water-surface friction and first estimates of the role of
this factor in the evaporation from the northern Cas-
pian strongly suggest that the new model is universal.
On the one hand, the results are indicative of a signif-
icant influence of the basin depth on the intensity of
energy exchange under natural conditions. On the
other hand, the examples presented illustrate good
agreement of the model calculations with experimen-
tal data. Under real conditions, with the use of direct
data on the depth, area, and wind frequency, the cor-
rection for the shallow-water effect gives an increase
in the resultant evaporation from the northern Caspian
above 10%.

The features of the spatial variability of the Cas-
pian Sea evaporation also suggest that there may be an
external forcing of the formation of surface currents,
which was disregarded earlier in the simulation of cur-
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rents. This forcing is caused by heterogeneous evapo-
ration (intense evaporation in spring and in the first
half of summer in the northern and southern parts of
the Caspian leads to a level difference between the
middle Caspian and these parts) and may exert signif-
icant influence on the water circulation in the entire
sea. It might be expected that this circulation, which is
intensified in spring and in the first half of summer
because of the intense evaporation from the shallow
northern Caspian, is seasonal in character. In the fall
and early winter, the evaporation field becomes homo-
geneous in space, and quite a different picture in the
field of currents might be expected. Evidently, similar
currents can be simulated within the framework of a
three-dimensional thermohydrodynamic model (for
example, the hydrodynamic inland sea model
(HISM)). The HISM is a coupled model of three-
dimensional thermohydrodynamic processes of the
sea, the model of the interaction between the bound-
ary layers of the atmosphere and the sea, and the sea-
ice thermohydrodynamic model. A fundamentally
important feature of the HISM is its ability to repro-
duce processes related to water exchange across the
side boundaries (river runoff, exchange through
straits); the variability of the water mass in the sea
and, consequently, of the upper boundary of the sea;
sea-surface topography variability, which results from
the response of the sea to rapid changes in external
forcing; air—sea interaction; and formation of sea ice
and its influence on the heat and moisture exchange
between the atmosphere and the sea [36]. The first
numerical experiments provide encouraging results.
The model reproduces the seasonal variability of
monthly mean currents on the sea surface, a phenom-
enon that can be divided into three periods: prevailing
cyclonic gyres in the middle and southern Caspian,
typically observed in December—January; dominant
Ekman transport of surface waters to the south and
southwest in the deep parts of the middle and southern
Caspian from February through August; and transi-
tional currents between the two indicated types from
September through November. An important argu-
ment in support of the existence of the surface
cyclonic flow system is the spread of warm waters
northward along the eastern coast of the sea. Results
of the model experiments show that the northward
current along the eastern coast exists stably, but only
in the subsurface layer, whereas the surface currents
are often directed southward. Analysis of observations
of currents confirms the structure of currents on the
eastern shelf that was simulated by the model.
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