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OCEANOLOGY

Water Balance of the Caspian Sea in the Last Glacial Maximum
and Pre-Industrial Conditions Based on the Experiments
with the INMIO-CICE General Sea Circulation Model
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Abstract—The INMIO-CICE hydrodynamic model of the Caspian Sea was used to calculate equilibrium
river runoff and evaporation from the sea surface over a wide range of sea levels (from —85 to +50 m a.s.1.) for
different climatic conditions: the Last Glacial Maximum (about 21 ka BP) and the pre-industrial climate
(~1850). Data from the INMCM4.8 climate model were used as boundary conditions. It was found out that
a river runoff of about 400 km?>/yr was required in the Last Glacial Maximum to maintain the sea level at 35—
50 m a.s.l. corresponding to the maximum values of the Khvalynian transgression. In the Last Glacial Max-
imum, evaporation from the sea surface decreased by 105—175 mm (12—22%), and a precipitation layer,
according to the INMCM4.8 model, decreased by 50—70 mm (15—30%). These conditions caused the equi-
librium runoff to decrease by about 10—20% compared to the pre-industrial conditions. Smaller absolute and
relative changes corresponded to lower sea levels. The maximum evaporation decrease occurred at 5 m a.s.l.
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INTRODUCTION

The level of the Caspian Sea (CS), a drainless water
body, is an important indicator of climate changes in
the entire drainage basin. It occupies a large part of the
East European Plain and is characterized by major
variations on different time scales: in the last century,
the sea level changed by 4 m [4], and in the late Pleis-
tocene, the amplitude could be more than 100 m [19].
The reasons for such fluctuations have not been defi-
nitely found. Due to the fact that the sea level is related
to the river runoff and visible evaporation (the differ-
ence between evaporation and precipitation) from the
sea surface, the level fluctuations are caused by varia-
tions in these hydrological balance components. The
river runoff is related to the climatic conditions in the
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catchment area, and evaporation, in addition to cli-
matic factors, also depends on the sea area [1].
Changes in watersheds and glacial runoff could also
play an important role for the Late Glacial conditions
[5, 8, 11].

The CS morphometric features are as follows: at a
higher level, its area increases considerably northward;
this process nonlinearly changes the ratio of water bal-
ance (WB) components in the lake. The use of global
climate models to assess changes in the sea WB is sub-
ject to a number of limitations: low spatial resolution,
use of simplified sea models, and current sea configura-
tion in the PMIP4 paleoclimate experiments (Paleocli-
mate Modelling Intercomparison Project) [14].

The alternative approach is based on the use of a
full hydrodynamic CS model with a high spatial reso-
lution and with a free level, describing the sea dynam-
ics and thermodynamics, including evaporation. Due
to low temperatures in the Last Glacial Maximum
(LGM) period and a large shallow water zone in the
north under the CS transgression, ice distribution and
duration of closed water periods greatly contributed to
reducing the surface evaporation. Therefore, a
detailed description of marine dynamic processes and
heat—water exchange at the water—ice—atmosphere
boundary makes it possible to clarify the amount of
evaporation in comparison with the global climate
models. Necessary values of the WB components can
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Fig. 1. Coastline and CS area for considered levels in the INMIO-CICE model, as well as the CS calculation domain in the cli-
mate model and extrapolation zones when considering the transgression levels (color shading).

be estimated for different sea levels by setting the
boundary climatic conditions in this regional CS
model. This approach was applied in [6] to assess the
CS WB components under the LGM conditions and
in the pre-industrial (PI) climate for lake levels from —60
to —15 m above sea level (a.s.l.) relative to the current
level of the World Ocean. The CS transgression was also
considered in the range from —25to+50 ma.s.l.in[11]
for the LGM period and the Holocene Optimum.

This paper presents the modeled WB components
of CS levels from —85 to +50 m a.s.l. covering the
probable range of lake level changes in the period from
the last glaciation to the present time [19]: the maxi-
mum level under the Khvalynian transgression could
reach +48 m a.s.l., while the CS position under the
regression was not clarified. The obtained estimates
are important for the paleogeographic research,
because no consensus on the nature, scale, and dating
of transgression—regression events have been reached
to date [2, 11, 19].

DATA AND METHODS

The CS WB component sensitivity was studied with
the use of a coupled model of the ocean INMIO [13]
and sea ice CICE [12] implemented in the CMF soft-
ware environment [15]. This model is used in the
weather forecasting and climate research [10, 17]. The
model makes it possible to solve the equations of
three-dimensional dynamics and thermodynamics of
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the ocean and sea ice cover. The calculations were car-
ried out with the configuration adjusted for CS with a
resolution of 0.27° in longitude and 0.2° in latitude,
28 vertical levels (step from 6 m near the surface to
125 m at the deep bottom), and a time step of 20 min.

The atmospheric boundary conditions used for
INMIO-CICE included the experimental results of
the INMCM4.8 climate model [18] to reproduce the
LGM climate (LGM experiment, 21 ka BP) and the PI
period climate (piControl experiment, about 1850),
obtained under CMIP6 (Coupled Modeling Inter-
comparison Project) and PMIP4. The LGM experi-
ment reproduces the maximum ice cover period in the
last glaciation time; the boundary conditions and the
first experimental results are reported in [14]. In the
piControl experiment, boundary conditions, in par-
ticular, atmospheric composition are set for the end of
the pre-industrial period. This is a control experiment
to evaluate a sensitivity of the climate models to
changing boundary conditions under CMIP6.

The boundary atmosphere conditions for the
INMIO-CICE model include surface air temperature
and humidity, precipitation, wind speed, and incom-
ing long- and short-wave radiation fluxes. The extrap-
olation was carried out from the marine region of the
climate model to the transgression region to model
transgressive states for temperature and humidity
fields, incoming long-wave radiation flux, demon-
strating a noticeable deviation of average monthly iso-
lines from the latitudinal distribution and repeating
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Fig. 2. WB components according to the modeling data at different CS levels, as well as according to the observations: (a) equi-
librium runoff (km3/yr) (LGM [6] and PI [6], experimental results presented in [6]); (b) evaporation and precipitation layers

averaged over the entire water area (mm/yr).

the coastline contours in the climate model. The
extrapolation was carried out from the nearest sea cell
to the south using the meridional gradient calculated
by the least squares method over the central part of the
climate model water area. As to the transgressive cells
where this procedure is not applicable, simple extrap-
olation using the nearest neighbor method was per-
formed (Fig. 1). This procedure is described in detail
by [11].

The calculations were carried out for a series of CS
levels: from —85 to +50 m a.s.l. with a step of 15 m
(Fig. 1). A duration of each experiment was 50 years.
First, a rough initial approximation for the average
annual river runoff was set as a linear function of the
water area (function coefficients were obtained in the
preliminary experiments [6]). Then, the model was
spun up for 5 years, and the average water imbalance
was calculated for 6th—20th years of integration. The
imbalance value was then used to adjust the river run-
off. The resulting runoff value was considered as the
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equilibrium and was used in further calculations.
Finally, the average sea level over the water area was
instantly returned to its original value, and the model
was additionally spun up for 10 years; last 20 years of
the experiment were used for further analysis.

RESULTS

Coupled calculations using the INMCM4.8 and
INMIO-CICE models made it possible to estimate
the CS WB components: Fig. 2 shows a river runoff
volume (Fig. 2a) necessary to maintain the lake level
at various marks (equilibrium flow), evaporation and
precipitation averaged for the entire water area (Fig. 2b).
A decrease in the evaporation layer as the level rises is
due to the fact that the water reservoir’s boundary
under transgression shifts mainly northward where the
temperature is lower and the ice coverage period is
longer. Precipitation, on the contrary, increases, but
this increase does not fully compensate for a decrease
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Fig. 3. Visible evaporation from the CS surface (mm/yr)
for climatic conditions: (a) LGM; (b) PI period.

in evaporation, and the average visible evaporation also
falls with increasing level (more than —25 ma.s.l.). Vari-
ations in the equilibrium runoff are proportional to
those in the CS area, but the relationship is nonlinear
for the entire range. It is possible to identify a curve
segment for levels of —40 m a.s.l. and below, when the
area changes slightly at variations in the level, the
gradient is about 0.7 (km3/yr)/km? x 103 for the PI cli-
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mate and 0.6 (km?3/yr)/km? x 10° for LGM; and also a
curve segment for levels of —25 m a.s.l. and above,
when the lake area considerably increases at a higher
level due to the shallow part in the north, and the
gradient gradually decreases. In the range from —25 to
—10 m a.s.l., it is about 0.55 (km3/yr)/km? x 103 for
the PI climate and 0.4 (km3/yr)/km? X 10° for LGM.
And in the range of 35—50 m a.s.1., it is already about
0.25 (km3/yr)/km?> x 10° for the PI climate and
0.15 (km?/yr)/km? x 10? for LGM. Levels of —60, —45,
—30, and —15 m a.s.l. (Fig. 2a) were considered by [6].
The experiments were carried out in a similar way, but
without the climate data extrapolation procedure
which influenced the values obtained for the trans-
gression conditions (—15 m a.s.l.). Despite a relatively
wide range of levels from —60 to —15 m a.s.l., when
compared with the curve obtained for the range from
—85to 50 m a.s.l., it is clear that a curve slope changes
in the transgression conditions, but a series of experi-
ments from —60 to —15 m a.s.l. do not cover it. Hence,
linear extrapolation of the values obtained for the CS
transgression conditions, close to the current ones,
would be erroneous when estimating the lake balance
at higher levels.

In the LGM period, evaporation and precipitation
over the CS water area decreased substantially com-
pared to the PI values (Fig. 3). This decrease led to
variations in the equilibrium runoff values: for levels of
above —25 m a.s.l., the LGM runoff was ~20% lower.
The evaporation layer in the current CS boundaries is
lower when calculated using the INMIO-CICE model
than that based on the INMCM4.8 data (Fig. 2b). The
values obtained with the help of the INMIO-CICE
model seem to be more real, because they are slightly
lower than those obtained from calculations based on
the observations made in the twentieth century [7].
Similar values of the total river runoff observed in CS
[3] and the model estimates confirm these data. The
evaporation values obtained with the use of the
INMCM4.8 climate model are higher than those
obtained from the observation data; these data are
indicative of the fact that evaporation was also overes-
timated by the climate model in colder conditions of
the PI and LGM climate.

CONCLUSIONS

A series of experiments to reproduce the CS WB
components for a wide range of possible levels: from
—85 to +50 m a.s.l. for the LGM and PI climate con-
ditions using the INMIO-CICE hydrodynamic model
and the INMCMA4.8 climate model make it possible to
draw the following basic conclusions:

(1) the equilibrium runoff—CS level curve can be
divided into three segments: “regression” (—40 m a.s.l.
and below), when the lake area changes slightly under
variations in its level, whereas the runoff volume gra-
dient in terms of the area variations is maximum;
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“transgression” (for levels of —25 m a.s.l. and above),
when the lake area considerably increases with an
increase in its level due to the shallow part in the
north, whereas the gradient is lower than that of the
regression conditions, and it gradually decreases with
increasing area; and “close to current values” (from
—40 to —25 m a.s.l.), when the lake area increases
maximally in terms of a level increase meter, whereas
the gradient values are relatively high and similar to the
“regression” segment;

(2) in the LGM period, the evaporation layer
decreased by 150 mm, while the precipitation layer
decreased by 50 mm, on average. As a result, the
equilibrium runoff also decreased: for levels of above
—25m a.s.l., the runoff was lower by ~20% compared to
the PI experiment, and the runoff volume gradient in
terms of the area variations also became lower in LGM;

(3) the river runoff in LGM calculated by [6, 16]
makes it possible to exclude with a high degree of con-
fidence a deep regression of the Caspian Sea in this
period, because a river water volume (even according
to the INMCM4.8 estimates which reproduced a
maximum decrease in the Volga runoff (~50%) in the
LGM period) was sufficient to maintain the Caspian
Sea at a level of above —50 m a.s.1.;

(4) comparison of the obtained model estimates of
the equilibrium runoff and paleo-reconstructions pre-
sented in [9], according to which the Volga runoff
reached 420 km?/yr in the Late Glacial period (18—
13 ka BP), makes it possible to suggest a high probabil-
ity of reaching the maximum levels of the Khvalynian
transgression in this period.
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