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Abstract: Inland waters in the endorheic basins of the arid zone are especially vulnerable to both
climate-induced changes and anthropogenic influence. The North Aral Sea, which previously suffered
a drastic shrinkage and partially recovered with the launch of the human-made Kokaral dam, is
currently subject to significant inter-annual variability of its water volume. This study aimed to
obtain insight into the modern water balance condition of the lake and to project the possible changes
in it. A series of model simulation experiments were implemented based on three representative
concentration pathway (RCP) scenarios with varying maximum lake surface levels, determined by
the dam. Present-day dam conditions showed the possibility to retain the lake volume above 26 km3

under the RCP 2.6 and 6.0 scenarios. Simulations under the RCP 8.5 scenario revealed significant
instability of the lake volume and a well-shown decrease in the outflow amount. A possible human-
made increase in terms of the lake surface level up to 48.5 m.a.s.l. may allow for the retention of the
volume in the range of 48–50 km3 in the RCP 2.6 case. The RCP 6.0 and 8.5 scenarios revealed a lake
volume decrease and almost full cessation of the Kokaral outflow toward the end of the 21st century.

Keywords: Syr Darya; river inflow; brackish; reservoir; surface level; endorheic basin; climatic
scenario; hydrology; limnology; evaporation

1. Introduction

Ongoing changes in water cycle and ecosystems of lakes and natural reservoirs world-
wide are in the priority of hydrological research. A number of publications have highlighted
critical aspects of the inland water bodies’ response to climate change, including mixing
transformation, stratification increasing, salinization and area shrinkage [1,2]. Lake area
and volume are also subjects to hydrometeorological threats such as alluviation [3] and
drought [4]. Among other inland water bodies, endorheic lakes of the arid zone react
most sharply to both climate change and increasing anthropogenic impact, suffering from
variations and decline of the surface area [5–7]. Meanwhile, the lake levels in those regions
present “end points”, accumulating multiple responses of the basin-scale water balance,
and are therefore considered to be one of the most sensitive indicators for regional response
to climate change [8].

The Aral Sea, an endorheic lake in Central Asia, is known as one of the most dramatic
cases of rapid shallowing and degradation of the lake ecosystem, mainly caused by anthro-
pogenic influence on the water balance regime in the basin. Formerly the fourth largest lake
on Earth, the Aral Sea has lost more than 90% of its waters since 1961 [9]. In 1989, the north-
ern part of the Aral Sea and the main body of the lake separated, forming two individual
lakes known as the North (Small) Aral Sea and the South (Large) Aral Sea [10] (Figure 1).
During the subsequent desiccation, the Large Aral Sea lost its permanent connection with
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the main tributary, Amu Daria. It turned into a hypersaline lake [11–13], and, in turn, broke
up into several water bodies, connected by seasonal inter-basin water exchange [14]. The
Small Aral is connected with the second major tributary of the former Aral, the Syr Darya
River. Still, even during periods of high river flow, the lake’s surface level recovery was
limited by the overflow toward the Large Aral through the Berg strait. Since the separation
of the two lakes, several attempts to build a dam in the strait were observed [15]. Since the
construction of the Kokaral dike in its present form in the fall of 2005, the outflow in the
direction to the Large Aral through the Berg strait has been regulated [16].

Figure 1. Residual basins of the Aral Sea seen from satellite (a): the Small Aral Sea (1), the Large Aral
Sea (2) and Lake Tshchebas (3). The Small Aral Sea (b) within its present boundaries determined by
the Kokaral Dam (42.5 m.a.s.l.) and its possible boundaries in case of lake surface increasing (48.5
m.a.s.l., red line).

The construction of the Kokaral dam led to the stabilization of the Small Aral Sea water
level, a decrease in water salinity, and, as a result, the partial recovery of the biological
resources of the lake, including the return of commercial fish fauna [17]. Moreover, the
freshened outflow from the Small Aral Sea through the dike is considered one of the
major positive components of the water budget of the southern residual basins of the
Aral Sea. Variability in this outflow affects not only the volume but also salinity and
water geochemistry [18–20], vertical mixing [21] and biogeochemical [22] regimes in Lake
Chernyshev, Lake Tshchebas and the western basin of the Large Aral Sea. Outflow from the
Small Aral Sea can also be addressed as the potential source of pollution [23], incoming to
the lake with the Syr Darya inflow. However, even after the man-induced stabilization, the
Small Aral Sea remains highly dependent on fluctuations in the water balance components,
taking into account high anthropogenic pressure on the Syr Darya watershed and arid
climate conditions.

Studies of the modern Aral Sea water balance are mostly based on satellite and indirect
data sources due to a lack of regular direct observations of lake water level and components
of water balance, which were partly ended in the late 1980s. The summary of the volume
variations for the period before the separation of the Small and Large Seas was given by
Bortnik and Chistyaeva [24]. Furthermore, in view of the wide distribution of satellite
altimetry data, numerous studies focus on the Aral Sea desiccation problem seen from
space. Thus, the combination of satellite altimetry and digital bathymetric model was
implemented for the water balance study of the Large Aral Sea [25]; volume and surface
area of the Aral’s residual basins were estimated using the combined approach of satellite
altimetry, digital bathymetry and MODIS images [26]. The total loss of water volume for
the residual basins of the Aral Sea was estimated in combination with the water coverage
from AVHRR data and the sea levels from altimetry data [27], as well as with the Gravity
Recovery and Climate Experiment satellite observations [28,29].
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According to the last IPCC report [30], numerous changes in hydrological cycle com-
ponents, such as precipitation or evaporation dynamics, are induced by ongoing climate
change. These changes are expected to affect many vital parts of the natural environment
and human lives. Unusual patterns in extreme precipitation, changing longevity and
seasonality of floods and droughts as well as melting glaciers may have a pronounced
impact on water ecosystems, food and energy production, and society in particular. Thus,
the presented study is focused on revealing the Small Aral Sea slow-onset water balance
dynamics induced by climate change because it has clear connections to all potentially
affected fields mentioned above: from melting glaciers in the Tian Shan mountains to water
management in the Syr Darya River valley to ecosystem production in the Small Aral Sea.

Despite an impressive number of articles and methods devoted to studying the oc-
curred water volume changes in the Aral Sea, the question of how the lake system will
behave in the future remains insufficiently studied. As for the human-regulated reservoir,
the problem is important for the Small Aral Sea, especially considering the ongoing varia-
tions of the river inflow. Hence, the presented study is focused on the modern dynamics
of the Small Aral Sea water balance and its projections depending on climate change sce-
narios. We attempt to answer the following questions: firstly, how are the dynamics of the
components of the water balance arranged in the present-day Small Aral Sea, and secondly,
what will be the response of the lake’s water balance system to projected climate changes?
Accordingly, here we present the water balance model for the Small Aral Sea developed
with monthly time resolution, validate the model on the historical data period and simulate
the lake water balance depending on the climatic projections. The novelty of this study is
ensured by using the latest high-resolution data on water balance parameters and climatic
forcing along with considering scenarios of possible restructuring of the artificial dam level.
The obtained results will interest a wide range of specialists, especially considering the
existing ideas on the possibility of recovering the Aral Sea.

2. Materials and Methods
2.1. Input Data

The following subsection gives a detailed description of the data used in the water
balance model.

In the present study, we use global gridded meteorological data distributed in the
framework of the ISIMIP project [31] as the atmospheric forcing conditions. Estimates of pre-
cipitation and air temperature data for the historical period (1979–2016) are obtained from
the EWEMBI (EartH2Observe, WFDEI and ERA-Interim data Merged and Bias-corrected
for ISIMIP) dataset [32–34]. For the projected period (2017–2099), we use EWEMBI-RCP
data that are compiled from the outputs of four General Circulation Models (GCMs: GFDL-
ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5) under three representative concen-
tration pathway (RCPs: RCP2.6, RCP6.0, RCP8.5) scenarios. Both datasets have global
coverage, daily temporal resolution, 0.5° × 0.5° spatial resolution and have undergone
comprehensive bias-correction and statistical downscaling procedures. Reference evapo-
ration was calculated using a temperature-based equation proposed by Oudin et al. [35]
using air temperature data for both historical and projection periods based on EWEMBI
and EWEMBI RCP data, respectively.

While there are many meteorological data products and related methods to represent
hydrological cycle processes on finer spatial resolution, they introduce an additional source
of uncertainty in an already complex modeling system [36–38]. Thus, using community-
approved, spatially, and temporally consistent and coherent datasets—EWEMBI and
EWEMBI RCP—provides a robust solution for developing reliable modeling chains. The
EWEMBI and EWEMBI-RCP datasets have been used as a reliable source of meteorological
forcing data for many scientific studies [39–42].

The main part of the incoming water balance—the river runoff entering the lake—was
calculated using the hybrid model of water runoff formation and transformation in the
Small Aral Sea basin [41,43]. The underlying hybrid model comprises two components:
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(1) a module for physically-based runoff generation in mountainous areas where the water
management is minor and (2) a machine learning-based runoff transformation routine that
helps to propagate natural runoff through the complicated water management system in the
Syr Darya River valley. The first model component utilizes the HBV (Hydrologiska Byråns
Vattenbalansavdelning) hydrological model [44,45] that calculates daily runoff based on
the input time series of precipitation, air temperature, and potential evapotranspiration
obtained from the EWEMBI reanalysis data and EWEMBI RCP scenarios. Then, daily
runoff is aggregated to monthly values and propagated as input to the second model
component—a machine learning model based on the eXtreme Gradient Boosting machine
on decision trees (XGB) [46]—that mimics the behavior of a water management system. The
final model output—monthly values of the Syr Darya River runoff entering the sea during
the historical period, as well as its future projections—is then utilized as a component of
the incoming part of the Small Aral Sea water balance. Model validation results confirm
its high efficiency and reliability in the historical period [41]. Hence, the developed model
could be reliably used for calculating future projections of Syr Darya River runoff. A
detailed description of runoff formation and transformation model components and their
validation can be found in [41].

Unfortunately, there are no reliable data on the inter-annual variations of the ground-
water component of the water balance for the Small Aral Sea. However, most researchers
agree that groundwater inflow, infiltration, and mutual compensation have no significant
effect on the lake water balance [24,47]. Therefore, the underground component was not
considered in the model.

2.2. Model Setup

For the enclosed Small Aral Sea, which is characterized by significant changes in
surface area and water volume, it is most indicative to calculate the lake’s water balance in
linear units—volume increment in our case. The model was configured with monthly time
step, so the volume increment on step i was written as follows:

Ri + Pi − Ei − Di = ∆Vi, (1)

where Ri (km3) is the river inflow, Pi (km3)—atmospheric precipitation, Ei (km3)—evaporation,
Di (km3)—discharge through the dike gate and ∆Vi (km3) is volume increment within the
1 month period of calculation.

The outflow from the lake D through the Kokaral Dam is an important negative
component of the regulated lake (reservoir) water balance. After its separation, the Small
Aral Sea remained connected with the main part of the former Aral bed through the natural
Berg strait. Due to existing topographic characteristics, the water flow through the strait
was directed from the Small Aral Sea to the remaining southern part, which resulted in
a decrease in the Small Aral level in the 1990s and early 2000s. The construction of the
Kokaral Dam in this natural strait has only increased the elevation of the Small Aral Sea
surface level. Thus, in the seasonally driven periods of high water, when the surface level
of the Small Aral Sea reaches the dam limits, the clearly shown outflow from the lake exists.
The presented water balance model considers the period since 2006 when the present-day
version of the Kokaral dam was launched. However, no directly observed data about the
amount of discharge through the dam are available.

To consider the outflow through the dam in the model, a threshold value of water
volume VD = 26.5 km3 was used. That volume VD corresponds to a surface lake level
benchmark of 42.5 m.a.s.l. set up by the dam. The model assumes that water volume excess
over this benchmark at the previous step discharges through the dam at the beginning of
the next calculation step.

Accordingly, if
Vi−1 > VD, (2)
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then,
Di = Vi−1 − VD, (3)

and
Vi = VD + Ri + Pi − Ei. (4)

Otherwise, if
Vi−1 ≤ VD, (5)

then, Di = 0 and
Vi = Vi−1 + Ri + Pi − Ei. (6)

On each calculation step, monthly values of Ei and Pi are calculated according to evap-
oration and precipitation taken from the EWEMBI and EWEMBI RCP datasets multiplied
by the lake surface area, corresponding to the current volume of water Vi−1.

Overall, three series of model experiments were performed: (i) validation period
(2006–2017), (ii) projected period (2008–2099) under three representative concentration
pathway scenarios at the existing Kokaral dam height, i.e., 42.5 m.a.s.l., and (iii) projected
period (2008–2099) under three representative concentration pathway scenarios at increased
dam height, i.e., 46.5 m.a.s.l. For the increased dam conditions, the water volume threshold
value VD = 49.5 km3 was used according to obtained hypsometric relation (see below).

2.3. Model Validation

To connect the lake’s surface level, area and volume, we used the digital bathymetry
map of the Aral Sea. The bathymetry of the Small Aral Sea part, defined as the area to the
north from 46 N latitude and consisting of 300 × 102 nodes, was cut out from the map.
The horizontal dimensions of the map were recalculated from degrees to the metric system
as follows: the length of one degree in longitude is 76.6 km, and one degree in latitude is
111.14 km. The obtained bathymetry map represented the depths of the Small Aral Sea for
the value of 53 m.a.s.l., i.e., the mean annual value of the lake surface before the beginning
of the desiccation in the 1960s. Values of water volume and surface area of the lake were
calculated based on the obtained bathymetry map with a 0.1 m step from 53 m.a.s.l to 33
a.s.l. using the Volume script of Golden Software Surfer 15 to obtain the lake hypsometric
relation. Satellite altimetry-based data on the Small Aral Sea surface level variability were
taken from the Hydroweb project [48] with 10 days of temporal resolution. They were used
to calculate the “observed” monthly values of water volume and surface area for the Small
Aral Sea during the validation period (2006–2017) (Figure 2). Finally, the water balance
model results were validated during that period.

Figure 2. Hypsometric relation for the Small Ara Sea (a), dashed vertical lines correspond to 42.5 m
and 48.5 m surface level benchmarks. Fluctuations of lake surface level according to satellite altimetry
(b) and fluctuations of lake volume according to bathymetry model calculations (c). The validation
period for the water balance model is highlighted in gray.
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3. Results
3.1. Current Water Balance Dynamics

The simulated water balance dynamics on the historical period of 2006–2017 showed
the variability of Small Aral Sea water volume monthly values in the range from 23.7 km3

to 28.4 km3 with a mean value of 26.4 km3 (Figure 3). The simulated mean and maximum
values agreed with the observed values of 28.5 km3 and 26.4 km3, respectively, within the
same period. However, the observed minimum value of 24.2 km3 was 0.5 km3 higher than
the simulated minimum result. Mean annual river inflow during the historical period was
estimated as 6 km3 varying from 4.3 km3 to 8.5 km3. The model estimation of the Kokaral
outflow mean annual value was 2.5 km3 varying from 0.3 km3 to 5.3 km3.

Figure 3. Results of water balance model validation (2006–2017) along with simulated outflow and
inflow values given in monthly resolution (a). Scatter diagram of the validation results (b).

3.2. Water Balance Projections with the Present Lake Surface Height

To assess the impact of possible climate changes on the dynamics of the Small Aral
Sea water balance, we considered below three possible scenarios of atmospheric forcing
and river inflow (RCP 2.6, RCP 6.0 and RCP 8.5). Each represented the mean values of
model experiments based on four models of climatic forcing (GFDL-ESM2M, HadGEM2-
ES, IPSL-CM5A-LR, MIROC5). Separately, the results of the most unfavorable scenario
regarding the lake volume are given. The mean modelling results within the RCP 2.6
and RCP 6.0 scenarios showed the possibility of maintaining the Small Aral Sea volume
within annual values from 26 to 27 km3 until the end of the century (Figure 4), i.e., at the
present-day state. However, since 2060, the dispersion of modeling results within these
scenarios has increased, and the standard deviation values reached 1 km3. The mean
modeling results under the RCP 8.5 scenario showed the decrease in the lake volume below
26 km3 during the last 2 decades of the 21st century. At the same time, model calculations
within this scenario were characterized by greater uncertainty, i.e., 1.5 km3, depending on
the atmospheric forcing model used. Thus, in the most unfavorable case of IPSL-CM5A-LR
RCP 8.5, the volume of water revealed a downward trend from the end of the 2030s, along
with a rapid decrease down to 24 km3 since the end of the 2070s. The volume decrease
under this scenario was also accompanied by a gradual decrease in the amount of the
Kokaral outflow (Figure 4).

Figure 5 shows inter-annual fluctuations of water volume and outflow from the dam,
averaged for the periods of the second, third and fourth quarters of the 21st century,
depending on the climatic scenarios. Under the RCP 2.6 scenario, the mean annual volume
of the lake reached 26.7 km3 with the mean annual outflow of 4.4 km3 year−1 without
significant changes between selected quarters. Similar values of the mean annual lake
volume and mean annual outflow were simulated in the second quarter of the century
under the RCP 6.0 scenario. However, a decrease to 26.5 km3 for mean annual volume
and 3.8 km3 year−1 for mean annual outflow were simulated for the fourth quarter of the
century. The mean annual water volume and outflow decline were revealed most clearly in
the RCP 8.5 scenario. Thus, the mean volume in the third and fourth quarter of the century
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reached 26.6 km3 and 26.2 km3, respectively, while the mean annual outflow reached 3.9
km3 year−1 and 3.2 km3 year−1, respectively.

Figure 4. Mean annual values of the Small Aral Sea volume depending on the RCP scenarios,
averaged between 4 models (a); IPSL-CM5A-LR model under RCP 8.5 scenario is shown in black
as the most adverse case; a dashed line shows annual values of the outflow under that scenario.
Standard deviations of the mean values for each scenario (b).

Figure 5. Inter-annual variations of the Small Aral Sea water volume (a–c) and the Kokaral outflow
(d–f) depending on the RCP scenarios averaged for the periods of the second, third and fourth
quarters of the 21st century.

3.3. Water Balance Projections with the Increased Lake Surface Height

To assess the impact of possible abrupt anthropogenic influence on the lake state along
with the projected climate change, we investigated the water balance dynamics in the case
of increased level of the lake surface. Figure 6 shows projections of the Small Aral Sea
water volume variability with increased surface level up to 48.5 m.a.s.l., i.e., 6 m higher
than at the present state. In each of the three RCP scenarios, water volume reached the
maximum possible mean annual values of 49.5 km3, determined by the new dam height
within less than 10 years (since 2008 as the start date of simulations to 2014–2017). Since
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2025, according to the mean model estimates under the RCP 2.6 scenario, preservation of
the lake water volume will be possible until the end of the century with a mean annual
water volume of 48.2 km3 and a mean annual outflow of 3 km3 year−1(Figure 7).

The mean modeling results under the RCP 6.0 scenario revealed more pronounced
interannual fluctuations of water volume and its gradual decrease from the end of the 2060s
to the values of about 45 km3 by the end of the century. Mean annual water volume and
outflow reached 49.1 km3 and 2.9 km3 year−1, respectively, during the second quarter, 48.8
km3 and 2.6 km3 year−1 during the third quarter, 46.5 km3 and 2.5 km3 year−1 during the
fourth quarter (Figure 7).

The mean model estimates under the RCP 8.5 scenario demonstrated a gradual de-
crease in mean annual water volume, namely from the beginning of the decade of the
2060s, to the value of 41.7 km3 by the end of the century (Figure 7). This decrease was
also accompanied by changes in the mean outflow, which reached mean annual values of
0.7–1.1 km3 year−1 by the end of the century. Inter-decade variability was also well shown.
Thus, the mean water volume and mean outflow reached 48.8 km3 and 2.5 km3 year−1,
respectively, in the second quarter of the century, 47.3 km3 and 1.9 km3 year−1 in the third
quarter of the century, 44.8 km3 and 1.9 km3 year−1 in the fourth quarter of the century
(Figure 7).

The worst-case scenario, according to the RCP 8.5 IPSL-CM5A-LR climatic forcing,
showed a gradual decrease in water volume down to 28.4 km3 by the end of the century,
which is very close to the water volume at the present-day Kokaral dam level, with complete
absence of water outflow from 2040 to the end of the century (Figure 6).

Figure 6. Mean annual values of the Small Aral Sea volume with increased lake surface (48.5 m.a.s.l.)
depending on the RCP scenarios, averaged between 4 models; IPSL-CM5A-LR model under RCP 8.5
scenario is shown in black as the most adverse case; annual values of the outflow under that scenario
is shown by a dashed line.
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Figure 7. Inter-annual variations of the Small Aral Sea water volume (a–c) and the dam outflow
(d–f) with increased lake surface (48.5 m.a.s.l.) depending on the RCP scenarios averaged for the
periods of second, third and fourth quarters of the 21st century.

4. Discussion

The presented water balance model made it possible to reproduce the variability of
water volume over the historical period from 2006 to 2017 and estimate the monthly volume
of water discharged from the Kokaral dam. The existing deviations of the modeled values
of water volume in the Small Aral Sea from the observational data obtained using the
bathymetry model and satellite altimetry mainly resulted from the unstable regime of water
release from the dam. In contrast, in the model, a strict condition for the start of the water
release was set. Thus, the model overestimates the volume of the Small Aral Sea from
2006 to 2010 and underestimates the lake’s volume from 2012 to 2016. During the highest
values of the river inflow to the lake from 2010 to 2012, the model most accurately fits the
observations.

In view of the absence of regular observational data on the Kokaral dam outflow,
obtained modeled monthly values allow for estimating which part of water flowing into
the lake remains in the sea and which part goes further downstream. According to obtained
estimations, during the model validation period after the launch of the Kokaral dam, the
mean annual inflow to the Small Aral Sea was 6 km3 year−1. Such amount of inflow makes
it possible to provide recovery of the Small Aral Sea within the projected height of the
dam and gives a mean annual outflow of 2.5 km3 year−1, which should be considered as
the most important positive component of the water balance of the southern part of the
Aral Sea. Meanwhile, the significant inter-annual variability of the Kokaral outflow was
observed during the validation period. During the periods of maximum inflow of the Syr
Darya River to the Small Aral, when the surface of the Small Aral Sea reached its maximum
in 2010–2011, the annual outflow from the dam increased to 3.4–5.3 km3 year−1 accordingly.
These amounts of discharge, along with the increased inflow of the Amu Daria River in the
southern part, caused the cessation of decreasing and even raised the surface level of the
Large Aral, that was found out by satellite altimetry data [49] and images (Figure 8), where
the influence of the discharge from the Small Aral is clearly shown.
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Figure 8. Satellite images of the Small Aral Sea and its outflow area seen from MODIS Terra on 3
May 2009 (a) and 25 April 2011 (b) taken from https://worldview.earthdata.nasa.gov, accessed on 8
April 2023.

Projected estimates of the volume variability of the Small Aral Sea under the RCP
2.6 and RCP 6.0 scenarios showed the possibility of retaining the relatively stable lake
level with inter-decade outflow fluctuations. On the contrary, projected estimates under
the RCP 8.5 scenario showed the most well-shown instability of the lake volume with a
declining trend toward the end of the century (Figures 4 and 5). We considered the river
inflow and evaporation minus precipitation variations under this scenario to obtain insight
into the projected changes (Figure 9a). The entire projection period can be divided into
time intervals when the annual values of water volume were above or equal to 26.5 km3,
i.e., “stable” surface-level conditions, and below 26.5 km3, i.e., “unstable” surface-level
conditions. Accordingly, the lake volume remained mainly stable before 2055, while
unstable conditions during that period only referred to local drops of annual river inflow
values accompanied by local evaporation increases. However, annual values of the lake
volume were mainly unstable after 2055 toward the end of the century due to the joint effect
of a general downward trend of the river inflow and a general upward trend in evaporation
minus precipitation. Hence, the stability of the lake volume was defined by the annual
balance between river inflow values and values of evaporation minus precipitation.

Similarly, we analyze the projected estimates of water volume variability of the Small
Aral Sea in the case of increased dam conditions under the RCP 8.5 scenario. The entire
projected period can be divided into time intervals when the annual values of water volume
were above or equal to 48 km3, i.e., “stable” surface-level conditions, and below 48 km3,
i.e., “decreasing” level conditions (Figure 9b). The benchmark of 48 km3 was used due
to the well-shown inter-annual variability above this value, while the drop in the volume
below this mark was followed by its constant decrease, as shown above in Figure 6. At the
beginning of the projected period (2008–2015), the lake was filling up, so the annual volume
was below 48 km3. This filling was accompanied by an increase in the lake area and a sharp

https://worldview.earthdata.nasa.gov


Water 2023, 15, 1464 11 of 16

increase in evaporation. Since 2015, the lake volume annual values have reached stable
conditions with an episodic decrease in 2047–2049. Subsequently, the lake began to shrink
since 2058 toward the end of the century due to a gradual increase in evaporation and a
decrease in river inflow.

Figure 9. Annual values of river inflow (red line) and evaporation minus precipitation (blue line)
according to mean modeling results under RCP 8.5 scenario for present dam height (a) and increased
dam height (b). The gray-filled area on panel (a) refers to the periods of unstable (V < 26.5 km3) lake
volume conditions in the case of present dam height; the red-filled area on panel (b) refers to the
periods of lake volume decreasing (V < 48 km3) in the case of increased dam height.

Water balance conditions, projected under the RCP 8.5 scenario, are apparently the
most representative case of the Small Aral Sea response to climatic and anthropogenic
forcing. Implying the most stressing influence in terms of evaporation and river inflow,
among other scenarios, the RCP 8.5 projection still allows for estimating the water balance
conditions representing the stable or unstable state of the lake volume in the most adverse
case. A summary of the input inflow and evaporation minus precipitation conditions, as
well as the simulated results, including the volume stability and outflow, is given in Table 1.
The obtained assessments of the water balance conditions can be considered in the context
of managing the region’s water resources or carrying out work to change the dam’s height,
which regulates the outflow from the Small Aral Sea.
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Table 1. Summary of the water balance conditions under the RCP 8.5 scenario given for the cases
of present and increased dam height. Mean annual values of river inflow (R), evaporation minus
precipitation (E-P) and Kokaral outflow (D) are shown for stable and unstable periods of volume
conditions. Maximum and minimum values for each component during the periods are given
in brackets.

Dam Height Volume Conditions R, km3 year−1 E-P, km3 year−1 D, km3 year−1

Present, 42.5 m.a.s.l. Stable 7.5 [5.8, 8.8] 3.3 [2.9, 3.7] 4.2 [2.2, 5.8]
Unstable 7.0 [5.3, 9.6] 3.8 [3.5, 4.2] 3.2 [1.3, 5.9]

Increased, 48.5 m.a.s.l. Stable 7.5 [5.7, 8.8] 4.7 [4.3, 5.3] 2.8 [0.8, 4.7]
Decreasing 7.1 [5.3, 9.7] 5.2 [4.6, 5.6] 1.9 [0.3, 4.3]

Previous studies reported the possibility of maintaining the surface of the Small Aral
Sea at increased benchmark of 48 m.a.s.l. by ensuring the minimum average annual flow of
the Syr Darya River of 5.31–5.96 km3 year−1, based on the average annual values of the
water balance parameters during the historical period from 1992 to 2011 [50]. However,
taking into account climate-induced future changes in the river inflow, evaporation and
precipitation, the presented study shows that the ensuring of even higher inflow values of
7–7.1 km3 year−1 may not provide a stable level position at these benchmarks according to
considered long-term climatic scenarios. The proposed water balance model has a monthly
resolution and makes it possible to take into account the high seasonal variability of the
water balance parameters. The maximum values of the inflow are observed in the spring
period, which ensures the maximum water outflow. At the same time, high evaporation
rates occur in summer and early autumn accompanied by minimal river inflow. Thus,
considering seasonal dynamics contributes to a more accurate forecasting compared to
operating with average annual values.

The limitations of the proposed approach are determined by the consideration of the
simulated river inflow based on the current water resources management strategy in the
upstream parts of the Syr Darya basin. The inflow to the Small Aral represents the final
point of water accumulation in the catchment area and, therefore, any possible changes in
water management in the upstream system of the Syr Darya reservoirs during the projected
period will cause corresponding responses in the inflow, which are not considered by the
presented water balance model. Additionally, given the projected estimates of the Small
Aral Sea, water cycle dynamics are affected by the uncertainty of the climatic scenarios.
Hence, the widespread introduction of regular instrumental observations on the standard
hydro-meteorological and water balance parameters should be provided at the lake. On this
basis, the validation of projected climate forcing and lake response should be performed
before making decisions on increasing the existing dam benchmark.

The variability of water balance conditions and possible man-induced dam height
adjustments may result in fluctuations in the lake surface level, volume and outflow
conditions, as well as in the hydrophysical regime of the lake itself. On the one hand,
possible changes in the lake depth along with observed worldwide lake response to climatic
changes [2,8,51] could result in the transformation of vertical mixing regime, affecting, in
turn, the oxygen regime [52] and methane formation [22] in the Small Aral Sea. On the other
hand, changes in water volume after the Kokaral dam implementation have already caused
the decrease in terms of lake mineralization [14,16,20] and, thereafter, transformations of
biological communities [53–56], including restoration of fish population [17]. Additionally,
situated in the lowest part of the local flow system, the Small Aral Sea is supposed to
accumulate permanent groundwater discharge [57], and, thereby, the lake level variability
could affect the position of groundwater horizon, used by the population of the surrounding
settlements, which is a critical issue for living in the arid region. Finally, the Syr Daria
inflow is the major source of pollution load to the Small Aral Sea [23,58] and potential
changes in the Kokaral outflow could affect the character of pollution transport to the
downstream areas.
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5. Conclusions

The regime of inland waters in the endorheic basins of the arid zone is especially
vulnerable to climate-induced changes and anthropogenic influence in their water balance
system. The Small Aral Sea suffered a drastic shrinkage since the 1960s and partially
recovered in 2006 with the launch of the Kokaral dam. The lake is currently the subject
of significant inter-annual variability of its water volume due to varying river inflow and
ongoing climatic changes. This study suggests a water balance model of the Small Aral Sea
considering the Syr Darya inflow, evaporation, precipitation and water outflow from the
dam. The model was implemented with a monthly resolution. Model validation was carried
out based on satellite altimetry data on the variability of the lake surface level. The model
allows for the investigation of the current dynamics of the Small Aral Sea water balance
components as well as to assess the changes that could occur with the water balance of the
lake, depending on the three climatic scenarios (representative concentration pathways) by
2099 and two cases of the regulation of the Kokaral dam height: the present-day conditions
(42.5 m.a.s.l.) and increased lake surface (48.5 m.a.s.l.).

The presented water balance model made it possible to reproduce the outflow from
the Kokaral dam over the modern period from 2006 to 2017, which reached a mean annual
value of 2.5 km3 year−1, with a maximum value of 5.3 km3 year−1, which resulted in a
cessation of the surface level decreasing the Large Aral Sea in 2010–2011. The projected
mean estimations in the case of the present-day dam conditions showed the possibility
of retaining the lake volume above 26 km3 toward the end of the century under the RCP
2.6 and 6.0n scenarios. Increased evaporation and lower amounts of river inflow under
the RCP 8.5 scenario caused the significant instability of the lake volume in the second
half of the 21st century with annual water volume values below 26 km3 and a well-shown
decrease in the outflow amount.

A possible human-made increase in the lake surface level up to 48.5 m.a.s.l., maintained
by the new dam, may participate to the filling of the volume of the Small Aral Sea and its
retaining in the range of 48–50 km3 under the RCP 2.6 scenario during the 21st century.
Simulation under the RCP 6.0 scenario revealed a possible lake volume decrease to 45 km3

from the 2080s. In contrast, simulations under the RCP 8.5 scenario showed the gradual
decrease in the lake volume to 42 km3 from 2055 with almost full cessation of the Kokaral
outflow.

Estimated possible changes in the Small Aral Sea volume and amounts of Kokaral
outflow may affect not only the water balance conditions of the other residual Aral Sea
basins but also the hydrophysical state and ecology of the Small Aral itself, which should
be taken into account during the water management activities in the region.
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