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Abstract
With a fall of the Caspian Sea level (CSL), its size gets smaller and therefore the total evaporation over the sea is reduced. With a
reduced evaporation from the sea, the fall of the CSL is weakened. This creates a negative feedback as less evaporation leads to
less water losses of the Caspian Sea (CS). On the other hand, less evaporation reduces the water in the atmosphere, which may
lead to less precipitation in the catchment area of the CS. The two opposite feedbacks are estimated by using an atmospheric
climate model coupled with an ocean model only for the CS with different CS sizes while keeping all other forcings like oceanic
sea surface temperatures (SSTs) and leaf area index the same from a global climate simulation. The investigation is concentrated
on the medieval period because at that time the CSL changed dramatically from about − 30 to − 19 m below the mean ocean sea
level, partly man-made. Models used for simulating the last millennium are not able to change the size of the CS dynamically so
far. When results from such simulations are used to investigate the CSL variability and its causes, the present study should help to
parameterize its feedbacks.

A first assumption that the total evaporation from the CS will vary with the size of the CS (number of grid points representing
the sea) is generally confirmed with the model simulations. The decrease of grid points from 15 to 14, 10, 8 or 7 leads to a
decrease of evaporation to 96, 77, 70 and 54%. The lower decrease than initially expected from the number of grid points (93, 67,
53 and 47%) is probably due to the fact that there would also be some evaporation at grid points that run dry with a lower CSL but
a cooling of the CS SSTwith increasing CS size in summer may be more important. The reduction of evaporation over the CS
means more water for the budget of the whole catchment of the CS (an increase of the CSL) but from the gain through reduced
evaporation over the CS, only 70% is found to remain in the water budget of the whole catchment area due to feedbacks with the
precipitation. This suggests a high proportion of recycling of water within the CS catchment area.

When using a model which does not have a correct CS size, the effect of a reduced CS area on the water budget for the whole
CS catchment can be estimated by taking the evaporation over the sea multiplied by the proportional changed area. However,
only 50% of that change is ending up in the water balance of the total catchment of the CS. A formula is provided. This method
has been applied to estimate the CSL during the Last Glacial Maximum to be at − 30 to − 33 m.

The experiments show as well that the CS has an impact on the large-scale atmospheric circulation with a widened Aleutian
500 hPa height field trough with increasing CS sizes. It is possible to validate this aspect with observational data.

1 Introduction

The Caspian Sea (CS) is the largest inland body of water
on Earth. It is fed by 130 rivers, the most significant being
the Volga that enters from the north and accounts for about
80% of the inflowing waters. Today, the CSL is around
27 m below mean sea level. Owing to its land-locked na-
ture, the Caspian Sea level (CSL) has fluctuated repeatedly
over the last millennia. This led to significant changes in its
size, especially in the north where a large part of the Volga
delta is now emerged.
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The rationale for this study is the considerable impact (1) of
rapid water level changes on the economy of the coastal area
and (2) of climatic change on the region with likely further
teleconnections. Large cities such as Baku are expanding right
on the edge of the Caspian Sea and must integrate in their
development plans the variability of the CSL. Kalmikia, the
northern Caspian Depression, suffers from one of the most
extensive desertification vulnerability of Europe (UNEP-
Dewa, 2003). The high precipitations in the SW shores of
the CS give rise to intensive agricultural activities in an oth-
erwise dry region (Molavi-Arabshahi et al. 2015). It is thus
essential to obtain correct estimations of future CS levels.
Several past investigations estimated the CSL from the water
budget of the CS, e.g. Arpe et al. (2014) for the present and
Kislov et al. (2012) and Renssen et al. (2007) for past events,
though the latter used a model without a CS. Climate models
are so far very rigid concerning the size of the CS, hence
introducing errors in the water budget of the CS. No attempt
has been made to correct the water budget of the CS for such
changes in sizes, which is the aim of this study. Many inves-
tigations, such as Arpe et al. (2000), have tried to find forcings
by the large-scale atmospheric circulation on the CSL. But
only few investigations have focussed on the opposite
(Marković et al. 2014), which is another goal of this study.

After introducing the model, giving some background and
validations of the simulations, we explain possible feedbacks.
Based on the robustness of the results, a formula for a correc-
tion is provided.

Finally, impacts of the size of the CS on the general atmo-
spheric circulation are shown with a validation using observa-
tional data.

2 Caspian Sea setting

The CS is a large endorheic water body made up of three
basins, deepening from the very shallow north (5–10 m deep)
to the deepest south (maximal water depth 1025 m). The mid-
dle basin has a maximum depth of 788 m.

Because of its great meridional extension, the CS straddles
several climatic zones. The northern part of the drainage basin
lies in a zone of temperate continental climate with the Volga

catchment well into the humid mid-latitudes. The emerged
Volga delta (the Caspian Depression) consists in lowlands
and is very dry. The western coast features a moderately warm
and dry climate, while the southwestern and the southern re-
gions fall into a subtropical humid climatic zone. The eastern
coast is desert.

The CSL has changed widely and often dramatically in the
past: during its geological lifetime by more than 150 m, pos-
sibly several hundreds of meters (Forte and Cowgill 2013),
during the Holocene by several tens of meters (Kakroodi et al.
2012), during the last millennium by c. 10 m (Naderi Beni
et al. 2013) and during the last century by > 3 m (Arpe and
Leroy 2007). In the High Medieval period (AD 1000–1300),
Naderi Beni et al. (2013) have shown a clear rise of the CSL
partially caused by climate and partially by humans, from 33
to 25 to 19 m bsl. Because of this and of the economical
context, we choose to focus our experiments with heights up
to 6 m lower than the current CSL and up to 12 m higher than
the current level.

3 Material and methods

The CS grids for various water levels are determined using the
ETOPO1 data set that has a horizontal resolution of 1 arc
minute (Amante and Eakins 2009). If the water level of a grid
point is higher than the mean bathymetry of the grid, the grid
is set to be an ocean grid (Table 1).

The actual size of the CS according to the definition using
this data set and method 428,500 km2) at − 27 m is consider-
ably larger than the generally referred size of 371,000 km2

(e.g. Arpe et al. 2000 or https://en.wikipedia.org/wiki/
Caspian_Sea) for the present CS; possibly the latter value
comes from investigations that included the period of the
1970s, a time when the CSL was much lower than presently.

The ECHAM 5.4 (e.g. Hagemann et al. 2006; Roeckner
et al., 2006) atmospheric model is coupled with the Taiwan
Multi-scale Community Ocean Model (TIMCOM) (Tseng
and Chien 2011; Young et al. 2012) in this study to quantify
the impact of the CS size on the water budget of the CS and the
resulting water level change. The coupled model is denoted as
European Hamburg Taiwan (EHTW) model. The current

Table 1 Experiments, their CSL
and CS size. The names of the
simulations refer to the CSL, i.e.
H27 to a CSL of − 27 m

Experiments CSL Actual CS
size in km2

CS size in km2

with a T63 grids
Number
of grids

H33 − 33 m 288,400 228,700 7

H30 − 30 m 331,800 260,900 8

H27 − 27 m 428,500 321,200 10

H19 − 19 m 518,500 439,900 14

H15 − 15 m 567,000 469,100 15
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version of TIMCOM is advanced from the Dietrich Center for
Air Sea Technology (DieCAST) model (e.g. Dietrich, 1998;
Tseng et al. 2005). It solves the three-dimensional primitive
equations for fluid motions under the hydrostatic and
Boussinesq approximations. It uses a Z-level stretched vertical
coordinate and a blend of collocated and staggered horizontal
grids based on spherical coordinates with non-uniform latitu-
dinal increments. The free-surface version of TIMCOM is
applied here (Young et al. 2012). The calculation is carried
out with the standard nonlinear equation of state for the in situ
density in terms of potential temperature, salinity and pressure
depth. Weakly physical-based parameterization is applied for
the horizontal mixing (Smagorinsky 1963). The temporal
discretization is based on a modified leap-frog scheme
(Young et al. 2014) and the spatial discretization employs
the fourth-order-accurate spatial discretization. An efficient
and accurate biconjugate gradient stabilized method (BiCG
solver) (Van der Vorst 1992) is used for solving elliptic partial
differential equation for pressure, which is also ideal for par-
allel computing. See Tseng et al. (2012; 2017) and Young
et al. (2012) for more model details. The ocean model is ap-
plied only for the CS, as the SST and sea ice data over the
oceans and other surface parameters are taken from a 1000-
year simulation (Jungclaus et al., 2010).

The major model advance in the EHTW coupled model is
its inclusion of a Snow/Ice/Thermocline (SIT) solver in be-
tween the atmosphere and ocean models, which solves the
vertical heat diffusion equation for temperatures in snow, ice
and water column in a tri-diagonal matrix (Tsuang et al. 2001).
The solver has recently been improved for ocean cool skin
simulation (Tu and Tsuang 2005), better SST formulation
(Tsuang et al. 2009; Lan et al. 2010) and Madden-Julian
Oscillation simulation (Tseng et al., 2015; Chang et al.
2015). This solver is unconditionally stable. Since the melting
and refreeze of a thin sea ice, as well as the warm layer and the

cool skin in the upper few meters of a water column can be
resolved in SIT, it provides a unique surface diurnal cycle of
the ocean within the climate models. Only a few climate
models have explored the importance of such a diurnal cycle
(Large and Caron, 2015).

A north–south profile at 51 °E of the summer SST is cre-
ated by the model and by satellite observations (http://polar.
ncep.noaa.gov/sst/ophi) (Fig. 1). The model produced SSTs
for the beginning of the High Medieval period boundary
conditions (AD 1050–1100), while the observation is for the
present (AD 2001–2013). Because the CS SST increased by
2 °C during the last 30 years (e.g. Arpe et al. 2014), the ob-
servations by satellite are around 3 °C warmer than the High
Medieval model simulations.

The model was running with a T63 resolution and therefore
it does not have the NE bay of the CS as ocean, nor the Kara-
Bogaz Gol. The topography when smoothing with a T63 res-
olution gives heights of + 170, − 200 and − 120 m from south
to north over the sea, when it should be close to − 27 m
(Fig. 2). This implies some smoothing in the orography and
the shape of the CS, which is known as a Gibbs phenomenon.
Figure 2 shows the CS and its surrounding orography using a
0.5° grid (right) and with a T63 (left) resolution. The Gibbs
phenomenon is not as clearly indicated in Fig. 2 as by grid
point values themselves; because the contouring package does
not resolve nearly singular values. A heavy line shows the
sizes of the CS in a T63 resolution for a CSL at − 27 m. In
Fig. 3, similar heavy lines show the size of the CS at − 15 and
19 m (left) and − 33 m (right), two possible values in the last
millennia. Because of the high Caucasus Mountains, the
smoothing, needed for a T63 resolution, increases the topog-
raphy for the middle CS basin to higher than 100 m, reaching
200 m along the western and eastern coasts (Gibbs phenome-
non). The ocean model for H27 has a surface at − 27 m ev-
erywhere while the lowest atmospheric model level deviates

Fig. 1 Summer (June–July–August) SST of the CS along 51° E as
simulated with medieval time boundary conditions (AD 1050–1100) for
different CS sizes and as observed (by satellite). Left, uncorrected for all

simulations; right, applying a correction of 0.8 °C/100 m for the H15
experiment (SSTc, T2mc)
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from this by up to 200 m in the middle CS basin, which can
lead to temperature differences as shown in Fig. 1.

A mean atmospheric temperature lapse rate of 0.8 °C per
100m between the lowest level of the atmosphere and the − 27-
m level of the CS of about − 1.3, + 1.6 and + 1.2 °C results from
these differences. The SST and T2m are high when the orogra-
phy is low and vice versa, i.e. T2m is low on top of a mountain
and high in the valley. The atmospheric model knows only the
topography on a T63 grid. Applying such a correction gives the
N-S profiles in Fig. 1 (right) for the H15 simulation. A much
better similarity between observation and simulation is
achieved when taking the bias due to the Gibbs phenomenon

into account. Important for the discussion below are the rela-
tively high temperatures in the northern CS (because very shal-
low) and in the south (because of the lower latitude).

The observations have warm temperatures at the most
southern grid point (subtropical climate) while the uncor-
rected simulations have warmest temperatures one grid
point further north due to the topographic waves over
the sea generated by the Gibbs phenomenon (Fig. 2).
Below, we will investigate only differences between dif-
ferent simulations and as all simulations suffer from the
same biases (Gibbs phenomenon), we assume that our
results will be less affected.

Fig. 2 Orography around the CS using a resolution of T63 (left) and 0.5° (right). Heavy line, size of the CS on a T63 grid for the CSL of − 27 m as used
by MPI as a standard

Fig. 3 Annual mean
precipitation; units, mm/month.
Left, in the H15 simulation.
Heavy line, size of the CS on a
T63 grid for the CSL of − 19 m
(H19) and − 15m (H15), the latter
is one grid point larger. Right,
precipitation in the ERA analysis
and as a heavy line the size of the
CS at − 33 m (H33)
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4Model precipitation, temperature andwinds

The annual mean precipitation as simulated with the H15
is compared to annual mean precipitation as estimated by
the ECMWF interim re-analysis (ERA-Dee et al., 2011)
(Fig. 3). The patterns in the simulation look realistic, al-
though with too low precipitation amounts in the simula-
tion over the Caucasus Mountains probably due to a too
smooth topography (Fig. 2). The comparison with ERA is
not completely justified as the ERA data are for the pres-
ent and the model simulations for the low stand at the
beginning of the High Medieval period but both show
similar distribution features.

The annual mean wind over the CS is blowing mostly from
the northeast near the surface (Fig. 4 lower panels) and from
the west at 700 hPa or higher levels (Fig. 4 top panels). Such a
counterflow between the two levels can be explained as a
wake in the generally westerly flow disturbed by the
Caucasus Mountains. The surface wind from the dry eastern
plains is blowing over the CS towards the mountains in the
SWof the CS and picks up moisture over the sea. In the SWof
the CS, the wind path is blocked by the mountains and by the
westerlies at higher levels that are descending down the moun-
tains. This leads to an uplift of the air leading to intense pre-
cipitation especially along the NW coast of Iran, in the area of

the towns of Anzali and Rasht (see Fig. 4 in Leroy et al. 2011;
Molavi-Arabshahi et al. 2015).

There the convergence of the wind near the surface occurs
in the analysis (ERA). It is strongest in the plains between the
mountains and the coast where the heaviest precipitation is
observed. It is to be seen more over the sea in the model
simulation due to the smoothing effect when using a lower
resolution that leads to a downward slope of the mountains
reaching into to the CS. At this convergence (Fig. 4), we
expect the strongest precipitation changes when reducing the
size of the CS. The enhanced precipitation in the SWof the CS
can be seen in Fig. 3 for ERAwhile it does not stick out for the
model simulation.

5 Interactions between evaporation
and precipitation

When the CSL falls, the size of the CS is shrinking. As the
ocean area is the main source of water to the atmosphere via
evaporation, less water will be available in the atmosphere
when the CS is small. Less water in the atmosphere should
decrease the precipitation in the surrounding of the CS and
over the CS itself. With falling levels, the CS becomes smaller
and so less evaporation occurs, which reduces the drop of the

Fig. 4 Annual mean wind field at
700 hPa (top panels) and 10 m
(lower panels) as analysed by
ERAinterim (right) and simulated
by the H27 model (left). Arrows
show the wind direction with the
length proportional to wind
speed. Contours, wind speed
calculated from the averages of
wind components
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CSL (negative feedback—A). With less water in the atmo-
sphere, the precipitation over and around the CS will be re-
duced leading to an enhancement of the drop of the CSL
(positive feedback—B). With less precipitation over the con-
tinent, less water in and on the ground is available for evapo-
ration (a negative feedback for the fall of the CSL—C).
Feedback A is likely to be the largest followed by B and then
C. This sequence can of course continue for more evapora-
tion—precipitation cycles. The simulations will show only the
total effect of these combined feedbacks.

Evaporation in experiments with larger CS sizes is com-
pared with that of smaller ones (Fig. 5). H15 is expected to
have the largest evaporation amounts over the CS itself and
H33 lowest, especially where the land has emerged with lower
CSL and smaller CS sizes. Indeed these areas appear as bull’s
eyes with large positive values. The evaporation over the con-
tinent is expected to be largest where the precipitation is larg-
est. Indeed, when comparing evaporation (Fig. 5) with precip-
itation (Fig. 6), a strong similarity can be found.

From the arguments given above, one expects more precip-
itation in the experiments with larger CS sizes, especially over
the SW coast of the CS. This can be found more or less in the

precipitation (Fig. 6); but larger increases of precipitation oc-
cur north of the CS, i.e. where the CS loses a large area be-
cause it is shallow. The enhanced precipitation over the north-
ern grids in H15 and H19 might cause an atmospheric circu-
lation upwards over these points and downwards around it,
similarly as found by Tsuang et al. (2001), which might ex-
plain the reduced precipitation and evaporation at some dis-
tance northwest of the CS.

Further, the evaporation over the southern CS is larger in
the experiments with a smaller CS (Fig. 5). One reason for that
could be that with a smaller CS, the air flowing over the CS is
dryer because of its shorter fetch over the water body when
reaching the southern CS. Probably more important is the
lower SST (down by as much as 1.5 °C) in the southern CS
(four grid points that are ocean points for all resolutions be-
cause of the deep sea there) with a larger CS in summer, the
season when the evaporation is largest (Fig. 7). For summer, a
larger CS means more total evaporation for the CS, especially
in the northern shallow part where the SST becomes very
warm (see Fig. 1). This means an enhanced loss of energy
for the total mass of water. As the mass of water of the CS
hardly changes with a higher CSL (up to 18 m compared to a

Fig. 5 Differences of annual mean evaporation in the experiments, higher CSLs minus lower CSLs
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mean depth of the sea of about 210 m) and as the ocean model
distributes this loss of energy horizontally, this enhanced
evaporation could lead in summer to a reduction of the SST
also in the southern basin. The relative larger sea ice cover in
the larger CS (Fig. 8), which inhibits evaporation in winter,
leaves more energy in the sea leading to higher temperatures
also in the southern grid points in winter for a larger CS size.

In Table 2, the evaporation and precipitation for the two
experiments with extreme CSLs over the CS itself (grid points
of the H15 experiment), over the continent of the catchment of
the CS (rivers) and precipitation–evaporation (P-E) for the
whole catchment of the CS, are presented. As H15 has little
more than twice the amount of grid points for the CS com-
pared to H33, one expects H15 to have similarly more evap-
oration over the CS as H33. This is not completely true as the
grid points which become land at a CSL of − 33 m will still
have some evaporation and because the SSTs especially in
summer, when the evaporation is highest, the experiments
with smaller sizes are warmer (meaning more evaporation)
than those with larger sizes (Table 2).

The amount of evaporated and precipitated water over the
CS itself involved in the experiments is however small com-
pared to the values over land, here called rivers. The feed-
backs, A, B and C, create differences of precipitation over
the whole catchment between the runs, which are of the same
order of magnitude as the original evaporation difference over
the CS itself. The sum of differences of P-E for the whole
catchment area of the CS is smaller than that of the evapora-
tion over the CS, i.e. from 13.3 (CS) to 9.5 km3/month, i.e.
only 71% of the reduced evaporation in a smaller CS results

Fig. 6 The same as Fig. 5 for precipitation

Fig. 7 Annual cycle of the SST over the southern CS (the four southern
grid points in a T63 resolution) of the five experiments
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into a reduction of the water budget of the whole CS catch-
ment area due to the feedbacks.

In a simulation with a closed water budget, the P-E values
should be near zero for a closed catchment area like the CS
catchment when the simulation is in equilibrium, which is
obviously not the case. In present models, the oceans and
lakes are unlimited sources for water and the river discharges
are somehow distributed into the oceans. For comparison, the
present observed Volga discharge is 20.9 km3/month. In
Table 2, P-E for all rivers is given as 25 or 28 km3/month,
i.e. the presently observed discharge is near the generally giv-
en 80% of total river discharges in the model simulations. The
larger amount of water coming from the rivers than E-P over
the CS itself does not compensate to gain equilibrium.

In Fig. 9, all pairs of differences of grid point versus com-
ponents of the water budgets in the experiments with different
CSLs are compared. As the markers are well clustered along a
diagonal for the evaporation over the CS, the linear relation
between the number of grid point differences and the evapo-
ration differences appears very stable (the diagonal gives 0.68
change of evaporation pro change of grid) and so is the rela-
tion to P-E differences for the whole catchment area (the di-
agonal gives 0.9 change of P-E pro change of grid). The rela-
tion between the number of grid point differences and the

precipitation differences over the whole CS catchments area
is the least robust one, and it is hardly justified to draw a
diagonal line for that. The variability of precipitation in time
is much larger than the signal from the evaporation differences
over the CS.

6 A practical application: calculation
of the CSL from experiments with a different
CS size

The practical use of these experiments is that with a change of
the size of the CS by X%, the evaporation over the CS itself
will change by slightly less of that percentage and the final
effect for P-E over the whole catchment of the CS is only 50%
of the change of evaporation over the CS itself.

P−E:catch; r ¼ P−E:catch; a−EVcs; a* AREAr−AREAað Þ=AREAa*0:5 ð1Þ

Equation (1) is used to estimate P-E for the whole catch-
ment area of the CS from a simulation which has a CS size
different to the requested one, where a = from available
experiment, r = for requested CS area and AREA = area
of CS itself.

Fig. 8 SSTs during winter in
experiments H27 and H15 in
colour overlaid in solid lines the
ice cover (contours at 20, 40, 60
and 80% ice cover of a grid point)

Table 2 Evaporation (Evap), precipitation (Precip) and P-E for different areas of the experiments H19 and H33, i.e. the experiments representing the
two extreme CSLs, and their differences. Units, km3/month. Some inconsistencies may have resulted from rounding

Evap CS Precip CS P-E CS Evap rivers Precip rivers P-E rivers P-E all CS
catchment

H15 28.9 8.6 20.3 65.8 90.4 25.4 4.2

H33 15.6 6.2 9.4 62.7 90.7 28 13.7

H15-H33 13.3 − 2.4 10.9 3.1 − 0.3 − 3.4/− 2.6 9.5

K. Arpe et al.



If one wants to investigate the water budget of the CS for a
simulation with a model that uses a constant CS size, say the
one of the CSL at − 27m, for a period of large variations of the
CSL as during the HighMedieval times, we suggest to use the
evaporation over the CS itself, and multiply it with the relative
CS size differences. This provides the change of evaporation
over the CS itself. Due to the feedbacks, only 50% of this change
has to be added or subtracted from P-E over the whole CS catch-
ment obtained from the model simulation with constant CSL.

All P-E differences of the simulations with different CS
sizes are compared with all possible estimates of P-E from
simulations with different CS sizes by the method described
above (Fig. 10). The experiment numbers, on which the esti-
mates are based, are indicated by different markers and the
model results, for which the estimates aimed for are indicated
by black markers on the diagonal. A very good correspon-
dence can be found. Only when the H19 experiment is in-
volved larger deviations are found.

Originally, we planned only to carry out experiments H19
to H33. Because of the exceptional behaviour of H19, we
added H15 with one grid point more than H19 to see if a
threshold with increasing CS sizes may be the cause for the
exceptional behaviour of H19. It is shown here that H15 fits
very well with the smaller sized CSs and H19 is exceptional
for other unknown reasons.

Fig. 9 Scatter diagram correlating
the difference of number of grid
points, representing the CS, and
differences of evaporation,
precipitation or P-E with different
CS sizes. Squares represent cases
using H15 experiments and
crosses the other ones. Units,
km3/month

Fig. 10 Scatter diagram correlating P-E for the whole CS catchment with
different CS sizes as simulated by the model and as estimated from
simulations with different CS sizes, applying the method described in
the text. The different markers indicate from which experiment the
estimates have been made. The targets for the estimates are the black
markers on the diagonal. Units, km3/month
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7 Importance of using a full ocean model
for the CS

In Fig. 7, differences of the annual cycle of the SSTs over the
southern CS were shown and it was speculated about those
differences. Table 3 shows that, for the whole CS, the annual
mean SSTs increase with decreasing CS sizes reaching a
0.63 °C difference between H15 and H33. This is a consistent
signal through the 50 years of simulations.

Hand-waving arguments are that more energy loss occurs
in summer, when evaporation is largest, with a larger CS size
by evaporation in the very warm northern part of the CS. This
results in excessive losses of energy for larger CS sizes leading
to a reduction of the SST for the whole CS, because of an
exchange of energy between the northern and southern CS
by the ocean model (N to S exchange also seen in oceano-
graphical and sedimentological observations; Lahijani et al.
submitted). The reduced evaporation during winter with larger
CS sizes due to extended ice cover that prevents evaporation
in the northern part with larger CS sizes is less strong (Fig. 7),
and therefore the summer effect is reflected by the annual
mean. The available data are not sufficient to show if imbal-
ances of energy between the shallow and deep parts of the CS
by the ocean model are compensated and a repetition of the
simulation without energy exchange between ocean grid
points would give an answer.

8 An application for calculating the CSL
during the Last Glacial Maximum

Several attempts have been made to estimate the CSL during
the Last Glacial Maximum (LGM, c. 21,000 years ago) from
water budget calculations (e.g. Kislov et al. 2012). Due to the
lower temperatures, the precipitation and the evaporation over
the CS basin were reduced during the LGM resulting in polar
desert conditions in some parts of Europe (Crowley and North

1991; Panin and Matlakhova 2015); but the balance between
both components is difficult to estimate.

Possible but unlikely diversions of northward flowing riv-
ers to the south due to glaciers along the Arctic coast or of the
Amu-Darya will be ignored here. Available to us are the ex-
periment with a T106 ECHAM5 model used by Arpe et al.
(2011) and the CMIP5 simulations provided by the Max-
Planck Institute for Meteorology with a T63 ECHAM6model
(Jungclaus et al. 2010). Both simulations give initially very
different values for the averaged water budgets (Table 4).
The CMIP5 simulations consist of two simulations for
the LGM with similar results.

As the T63 simulation has a much smaller CS (Table 2)
than in reality, we corrected P-E for the whole catchment
using 50% of the evaporation over the CS multiplied by
the ratio of CS size differences divided by the CS size of
T63 (Eq. (1)). For simplicity, only the T63 simulations
were corrected to the T106 CS size, as the latter is near
to the true size. The CS size for T63 in Table 3 differs
from that in Table 2 because CMIP5 uses a different land-
sea mask (one ocean point more on the west coast for the
middle basin; Fig. 2) than that used in this study.
Atmospheric models are not perfect yet and one has to
assume that they suffer from systematic errors. To reduce
their impact, we investigate the changes between the pres-
ent and the LGM, which result into very similar water
deficits for the LGM, i.e. the CS must have been smaller
in order to gain a balanced water budget. For calculating
the CS size during the LGM from the water deficit, one
can use the same formula (Eq. (1)) used above but resolv-
ing it for CS size difference between the present and the
LGM. The results are:

For T63 ECHAM6: 303,666 km2 or 79% of the present,
which corresponds to a CSL of − 30 m

For T106 ECHAM5: 286,945 km2 or 74% of the present,
which corresponds to a CSL of − 33 m

Although we started with different numbers from the two
different sets of simulations, both came to similar CSLs for the
LGM, i.e. lower than now by several meters.

The level of the CS in the LGM is not well known and
differs widely between various geological investigations. The
levels may have been much lower than those at present and
may correspond to the Atelian or Enotayevian lowstand that
reached perhaps 50 to 150 m bsl (Chepalyga 2007; Svitoch
2009; Tudryn et al. 2013).

Table 3 Annual mean SST over the CS (H15 size) with different sizes
of the CS in the model

H33 H30 H27 H19 H15

SST 13.10 13.13 12.74 12.45 12.37

Table 4 Water budget values for the present (CTR) and the Last Glacial Maximum (LGM) with two experiments. Units, km3/month

CS size
CTR km2

Evap
CS CTR

P-E all catchment
CTR

Corrected for
size of T106

P-E all catchment
LGM

Water deficit
for LGM

T63 ECHAM6 352,700 − 337 7.8 22 60 38

T106 ECHAM5 382,658 − 304 75 111 36
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Mamedov (1997) suggests a much lower CSL of − 50 m
from several strands of evidence, such as by the erosion of
knolls, the occurrence of a 20-m high cliff separating Early
and Late Khvalynian terraces on the Mangyshlak peninsula
and the deep incision of the Volga and the Uzboi. Climate
modelling for the LGM (Arpe et al. 2011) suggests a lower
level than that today.

To the contrary of this, water levels higher than those at
present have also been proposed. Awater level of 15 m bsl is
suggested by Klige (1990) and 25 m asl by Toropov and
Morozova (2010). Tudryn et al. (2016) suggest including the
LGM in the first part of the early Khvalynian transgression.

9 Impact of the CS on the large-scale
circulation

For winter, a larger difference of the 500 hPa height field
between H19 and the other experiments can be found over
the northern Pacific (Fig. 11). The differences between the
experiments are small compared to the horizontal varia-
tions; so that differences can hardly be seen (Fig. 11 upper
left panel). But the difference maps between H15 or H19
and the other experiments in the other panels show a very
consistent signal of up to 40 geopotential m for H33-H15
around 160° W and 50° N which means that the Aleutian

Fig. 11 DJF mean 500-hPa height field. Units, geopotential decameters. The upper left panel shows the contours of H15 in colours and of H33 as lines.
The other panels show the differences between H15, H19 or H27 and the experiments with lower CSL. Units, geopotential decameters (dam)
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trough is expending further to the east in the experiments
with a higher CSL (larger CS) or the ridge east of the
Aleutian trough is weakened.

This finding suggests that the CS has a systematic impact on
the large-scale circulation and with a stronger impact with a
larger CS. Figure 12 shows the robustness of this impact in time

Fig. 13 The same as Fig. 11 for ERA observations for 2 periods (1979–1983 and 1992–1995) with 2-m CSL differences. Left panel, height fields in
colour of period (1979–1983) with low CSL and as black lines period (1992–1995) with high CSL. Right panel, their differences

Fig. 12 Time series of DJF mean
500-hPa height field in the
northern Pacific (160–180° W/
40–50° N). A 9-year running
mean has been used for
smoothing
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series of an area mean of the 500 hPa height field in all experi-
ments. Although a large variability occurs in time throughout the
later eleventh century, generally highest values in the H33 and
H30 and lowest values in the H15 and H19 (except for a 10-year
period), and it can be assumed we can assume that this robust-
ness would be true as well for the present.

The results shown here are valid for the present model and
background data and investigate possible restrictions we tried
some validation with observational data.

Since 1979, ERA interim analyses (Dee et al. 2011 and
ECMWF 2015) are available and one can see if the changes
in the CSL during that period show an impact similar to that
found here with a model. During the last 30 years, the CSL has
changed by more than 2 m, lowest around 1977 and highest
around 1994 (Arpe et al. 2011).

The 500-hPa height field differences of the analyses for the
periods 1979 to 1983 with CSLs near − 29 m and 1992 to 1995
with CSLs near − 27 m (Fig. 13) show patterns very similar to
the ones in Fig. 11. This similarity suggests that the model results
are representative also of the real atmosphere.

10 Conclusions

It has been shown that the CS size is linearly related to the chang-
es of evaporation over the sea and P-E for the whole CS catch-
ment area, which allows an estimate of the change of the CSL
from the change of the CS size when a simulation was carried out
with a wrong CS size. In fact, a T63 resolution model is using a
too small CS; thus, the evaporation over the ocean in such a
simulation should be corrected for the size difference. The pro-
posed formula to do such a correction turned out to be very
robust.

The evaporation over the CS itself changes less strongly than
one would expect from the change of numbers of grid points. A
main reason is an increase of the SSTover the CSwith a decreas-
ing CS size together with a larger annual cycle of the CS SSTalso
in the southern (deep) basin of the CS with decreasing CS sizes.

Feedbacks between evaporation and precipitation suggest a
large recycling of water in the catchment area of the CS. A
change of evaporation over the CS itself leads to only 70% of
change of the water budget of the whole CS catchment area.

The experiments showed also a clear impact of the CS on
the large-scale atmospheric circulation over the northern
Pacific. The larger the CS, the wider is the Aleutian trough
at 500 hPa. The patterns in Fig. 11 remind of the Pacific–
North American teleconnection (PNA) patterns. The PNA is
connected with a wave train from the Indian Ocean via the
northern Pacific and North America to the Atlantic, with larg-
est amplitudes over the Pacific and North America. A small
tickling of this wave train near its source may have a larger
impact further downstream, which seems to be the case here.

Despite the good validation of our model for the impact of
the CS size on the general circulation, the question remains if
the results shown are only valid for the model applied here or
if they are also true more generally. This can be done by
repeating at least some of the simulations with a different
model. More studies is needed. We have chosen to use a res-
olution of T63, which is the lowest resolution which repre-
sents the shape and size of the CS and with which the exper-
iments could be carried out with the resources available to us.
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