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Abstract

The article presents an analysis of current (during the period 1985–2022) and projected
(during the period 2025–2099) changes in the hydrological regime of the Buktyrma, Yesil,
and Zhaiyk river basins in Kazakhstan under the conditions of global climate change. This
study is based on the integration of data from General Circulation Models (GCMs) of the
sixth phase of the CMIP6 project, socio-economic development scenarios SSP2-4.5 and
SSP5-8.5, as well as the results of hydrological modelling using the SWIM model. The
studies were carried out with an integrated approach to hydrological change assessment,
taking into account scenario modelling, uncertainty analysis and the use of bias correction
methods for climate data. A calculation method was used to analyse the intra-annual
distribution of runoff, taking into account climate change. Detailed forecasts of changes in
runoff and intra-annual water distribution up to the end of the 21st century for key water
bodies in Kazakhstan were obtained. While the projections of river flow and hydrological
parameters under CMIP6 scenarios are actively pursued worldwide, few studies have
explicitly focused on forecasting intra-annual flow distribution in Central Asia, calculated
using a methodology appropriate for this region and using CMIP6 ensemble scenarios.
There have been studies on changes in the intra-annual distribution of runoff for individual
river basins or local areas, but for the historical period, there have also been studies on
modelling runoff forecasts using CMIP6 climate models, but have been very few systematic
publications on the distribution of predicted intra-annual runoff in Central Asia, and this
issue has not been fully studied. The projections suggest an intensification of flow seasonal-
ity (1), earlier flood peaks (2), reduced summer discharges (3) and an increased likelihood
of extreme hydrological events under future climatic conditions. Changes in the seasonal
structure of river flow in Central Asia are caused by both climatic factors—temperature,
precipitation and glacier degradation—and significant anthropogenic influences, including
irrigation and water management structures. These changes directly affect the risks of
flooding and water shortages, as well as the adaptive capacity of water management sys-
tems. Given the high level of water management challenges and interregional conflicts over
water use, the intra-annual distribution of runoff is important for long-term planning, the
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development of adaptation measures, and the formulation of public policy on sustainable
water management in the face of growing climate challenges. This is critically important
for water, agricultural, energy, and environmental planning in a region that already faces
annual water management challenges and conflicts due to the uneven seasonal distribution
of resources.

Keywords: hydrological modelling; CMIP6; climate scenarios; water resources; Kazakhstan;
Central Asia; SWIM; intra-annual flow distribution; climate change

1. Introduction
Under the conditions of prevailing global climatic changes, the issues of water re-

source management acquire special significance, especially for regions with a continental
climate and high dependence on the snow and glacier feeding of rivers, as it is typical
for Kazakhstan and Central Asia. Current climatic trends are having a significant impact
on the hydrological regime [1–3], which requires comprehensive analysis and forecasting
to ensure sustainable water supply and prevent negative consequences for the economy
and ecosystems.

The relevance of this study is determined not only by the need to assess current and
forecast changes in the hydrological regime of the key rivers of Kazakhstan—Buktyrma,
Yesil and Zhaiyk—but also by the fact that this article presents a detailed forecast of intra-
annual water distribution under various climate change scenarios. Based on a review of the
scientific literature, the forecasting of future changes in river flow and hydrological param-
eters, including climate scenarios based on the CMIP6 model ensemble, is actively being
carried out for Central Asia. However, there are very few publications devoted specifically
to the projected intra-annual distribution of river flow in Central Asia, calculated using the
compositing method, based on modelled flow data, using CMIP6 ensemble scenarios, up to
2099. Most studies focus on annual runoff values or average seasonal distribution, as well
as extreme events (droughts, floods), but not on detailed forecasts of intra-annual (monthly)
runoff distribution calculated using the methodology for future periods based on CMIP6
scenarios. There are studies on changes in the intra-annual runoff distribution for individ-
ual river basins or local areas for the historical period [4–7], as well as studies on runoff
forecasting using CMIP6 climate models [8,9], but there are very few systematic publica-
tions on the distribution of the forecast intra-annual runoff in the Central Asian region, and
this issue has not been fully studied. Such a forecast is particularly important for improving
the accuracy of regional runoff forecasts, forming the basis for comparative transboundary
studies, as well as for the long-term planning of water management activities and the
adaptation of agriculture, energy, and the utilities sector to new climatic conditions. The
scenario assessments and methodologies for analysing the seasonal structure of water flow
obtained are relevant for regions with similar hydro-climatic characteristics—the Eurasian
steppe belt, transboundary river basins, and mountain systems facing increased extreme
hydrological events and the risk of water shortages. This study is based on the integration
of data from GCMs (CMIP6), modern socio-economic development scenarios (SSP2-4.5,
SSP5-8.5), and hydrological modelling (SWIM model) [10]. This not only allows the identi-
fication of trends and seasonal shifts due to both natural and anthropogenic factors, but
also the assessment of the risks of water deficit, floods, and droughts, taking into account
intra-annual flow dynamics.

The importance of the study for Kazakhstan and Central Asia includes the
following aspects:
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- The critical role of water resources for the economy, ecosystems, and social stability of
the region;

- The intensification of climatic risks, including temperature rise, reduction in snow
cover, and glacier degradation, leads to changes in seasonal runoff patterns and the
increased probability of extreme hydrological events and associated impacts [10];

- The need for science-based forecasts for the anticipatory development of adaptation
measures, effective water resources management, and the formation of public policy
under changing climate conditions;

- The transboundary character of many rivers in the region, which requires coordinated
actions between Central Asian countries to ensure water security and reduce risk
of conflicts.

Studies of intra-annual flow distribution and its changes in the Buktyrma, Yesil, and
Zhaiyk basins have been carried out since the middle of the 20th century. The classical
works of Kuzin P.S., Berkaliev Z.T., and Skotselas N.I. [11–13] laid the foundation for
analysing the seasonal flow pattern for the rivers of Kazakhstan. In the Yesil (Zhabay)
basin, Makhmudova L.K. and co-authors showed that, over the last 30 years, the timing
of the beginning of snow accumulation has shifted to later in the year, and the timing of
snowmelt has shifted to earlier in the year, which leads to a decrease in spring runoff and
an increase in summer and winter runoff [14]. A reduction in the duration of ice cover
and a shift in the timing of ice formation has been noted for the Zhaiyk river, which also
affects the seasonal structure of runoff [15]. The impact of economic activity (construction
of reservoirs, irrigation) lead to its ‘shearing’ of flood peaks and a decrease in the volume of
water reaching the floodplain, which negatively affects ecosystems [16]. In recent years, a
comprehensive analysis of multi-year trends in the intra-annual distribution of runoff, was
made using methods of statistical analysis, modern GIS-technologies, and hydrological
modelling [10,17,18]. It is shown that, for the Zhabay river—Atbasar city—spring runoff
in April was between 63.5% (in a low-water year) and 79.2% (in a high-water year) of the
annual runoff; for the Ulken Kobda river—Kobda village—the share of spring runoff varied
from 38.4% to 71.6%, and for the Buktyrma river—Lesnaya Pristan—the spring–summer
runoff for the period from April to July was 60–80% of the annual runoff.

The purpose of this study is to assess the future impact of climate change on the
hydrological regime of the Buktyrma, Yesil, and Zhaiyk rivers, taking into account current
climatic scenarios and economic activity (i), and to build a forecast of runoff (ii) and
intra-annual distribution up to the end of the 21st century (iii).

This study is based on a comprehensive integration of modern methods of climatic
and hydrological modelling, climate data correction, and development scenario analysis,
which ensures the high practical significance of the results obtained for identifying key
trends and risks, and will also enable the development of scientifically sound measures for
sustainable water resource management in the context of growing climate challenges and
social transformation in the region.

2. Conceptual Foundations
Climate change in Central Asia and Kazakhstan, as confirmed by recent CMIP6

modelling results and regional strategic documents, is having an increasingly pronounced
impact on the country’s water resources [19,20]. In recent decades, the average annual
temperature in Kazakhstan has been steadily increasing (by 0.3 ◦C per decade) and is
expected to increase by 2.5–3.3 ◦C by the middle of the 21st century and by 3.6–6.8 ◦C
by the end of the century, depending on the emission scenario [21]. Particularly intense
warming is projected for spring and summer, leading to increased evaporation, reduced
snow cover, and accelerated glacier melting, primarily in the Tien Shan Mountains and
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eastern Kazakhstan [22]. Higher temperatures and lower summer runoff worsen water
quality, increasing salinity and pollution, especially in low-water years. The north and east
of the country may receive more precipitation in winter and spring, but the south and west
will face increased droughts and reduced water availability in summer [22].

The GCMs of the sixth phase (CMIP6), which allow taking into account a wide range
of scenarios and uncertainties, have become a key tool for assessing the impact of cli-
mate change on water resources [23,24]. Studies show that CMIP6 demonstrate a higher
sensitivity to temperature increase compared to previous phases (CMIP5), which leads
to more pronounced warming projections and changes in the hydrological regime in
Central Asia [25,26]. In particular, the analysis of 34 model simulations revealed that
CMIP6 predicts not only a general warming, but also a shift in climate zones, reduced
snow cover, and accelerated glacier melt, which entails increased runoff near glaciers
and a potential increase in flood risk [25–30]. At the same time, studies have recorded
an increase in drought events and the duration of droughts, especially towards the
end of the 21st century, which is associated with increased evaporation and changes in
precipitation patterns [25,31].

This study uses scenarios SSP2-4.5 and SSP5-8.5 from CMIP6. The use of this pair
of scenarios is due to their representativeness in terms of covering the range of possible
socio-economic and climate trajectories, which provides a comprehensive assessment
of hydrological risks and uncertainties in the context of global climate change. The
SSP2-4.5 scenario characterises a path of moderate development, involving limited ef-
forts to reduce greenhouse gas emissions and the implementation of partial measures to
adapt to and mitigate climate change. In this case, water bodies and river systems expe-
rience climate change in the range of 2.6–3.0 ◦C warming by the end of the 21st century,
which corresponds to the likely development of events with a restrained decarbonisation
policy on a global scale. This scenario allows for the analysis of changes in runoff and
seasonal dynamics in the case of relatively favourable climatic conditions while maintaining
current trends in socio-economic development. The SSP5-8.5 scenario, on the other hand, is
an intensive scenario with rapid emissions growth, high economic activity, and minimal
restrictions on fossil fuel use. In this case, extreme warming of 3.3–5.7 ◦C is predicted
by the end of the century, leading to the most pronounced climate shifts and significant
transformations in the intra-annual distribution of river flow, as well as an increased risk
of extreme hydrological events (droughts, floods, shifts in peak flood levels, etc.). The
application of these two scenarios in SWIM model calculations and the integration of the
CMIP6 ensemble of climate models allows the following:

- The adequate cover of the entire range of realistic future climate conditions for the
Central Asian region;

- The analysis of seasonal characteristics and probable extreme manifestations of the
hydrological regime in the long term.

This approach complies with international requirements for the scenario analysis of
natural and water systems and allows both natural and anthropogenic factors to be taken
into account.

The empirical base of GCMs as CMIP5 and CMIP6 is based on a combination of long-
term hydrometeorological observations, satellite data (GRACE, GLDAS), and hydrological
modelling results using SWIM, SWAT, and other models. Regional forecasts are derived
from the integration of data, the application of bias correction, and downscaling meth-
ods [32]. A number of works note that CMIP6 significantly improved the reproduction of
extreme precipitation and seasonal climate features, especially in the mountainous and arid
regions of Central Asia, although there is still uncertainty in the modelling of individual
hydrological processes [25,31,32].
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3. Study Area
This study examined the catchment basins of three rivers: the Ulken Kobda river—

Kobda village, the Zhabay river—Atbasar city, and the Buktyrma river—Lesnaya Pristan
village (Figure 1).

Figure 1. Catchment areas: Ulken Kobda river—Kobda village, Zhabay river—Atbasar city, and
Buktyrma river—Lesnaya Pristan village.

The Buktyrma river is one of the largest rivers in Altai, a right tributary of the Ertis
river, flowing through the territory of East Kazakhstan Region. The tributary is 336 km long,
and the catchment area of the entire Buktyrma river is 12,660 km2. The main tributaries are
the Belaya Berel, Sarymsakty, Khamir, and Berezovka. The river has a mixed water supply:
50–55% snow, 25–35% rain, and about 15% groundwater [33]. The average annual water
flow is 214 m3/s. The Buktyrma flows into the Bukhtarma Reservoir, where there is a
hydroelectric power station, one of the largest hydroelectric complexes in Kazakhstan. En-
ergy, irrigation, water supply and shipping depend on its operation [34]. The hydrological
regime is characterised by pronounced flooding, with the highest flow occurring from April
to August, peaking in May, with April also contributing significantly. The catchment area
includes mountainous, valley, and plain areas, with a predominantly continental climate
and varying degrees of moisture. A distinctive feature of the Buktyrma river basin is also
the role of glacial feeding, in contrast to the flat rivers of Zhabay and Ulken Kobda, where
there is no glacial component. The modelling and forecasting of the flow of this river
are necessary conditions for optimising hydropower potential, reducing flood risk and
ensuring rational water use in the region.

The Zhabay river belongs to the Esil basin and is its right tributary. It is 196 km long
and has a catchment area of 8800 km2. It flows through the Sandyktau and Atbasar districts
of the Akmola region, with its source located on the slope of Mount Malinovaya. There are
14 tributaries to the river. It usually freezes in early November and thaws in mid-April. It is
fed by snowmelt. The average annual water consumption is 9.45 m3/s, and the peak flood
season is in April [35]. The water regime is characterised by pronounced seasonality and
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the long-term unevenness of runoff—water consumption fluctuates tens and hundreds of
times from year to year, which significantly affects the economic use of water resources and
creates a risk of flooding during periods of intense snowmelt or rainfall. Spring floods often
cause the flooding of adjacent areas, which requires the development and application of
methods for modelling and forecasting runoff in order to ensure rational water use, reduce
flood risks, and improve public safety.

The Ulken Kobda river flows through the Aktobe Region and is formed by the conflu-
ence of the Kara Kobda and Sary Kobda rivers. It is 225 km long, with a catchment area
of 14,700 km2. The average annual water flow (at the village of Kobda) is 6.23 m3/s, and
the volume of runoff is 0.197 km3/year. It is mainly fed by snow, with the flood season
beginning in mid-April and accounting for up to 90% of the annual runoff volume. A
significant part of the annual runoff occurs in the spring: 38.4% in low-water years and
71.6% in high-water years. In dry years, the riverbed in the upper and middle reaches
may be interrupted, breaking up into separate pools. The watershed is characterised by
a variety of landscapes and the presence of steppe, forest-steppe, and desert areas. The
Ulken Kobda river is of considerable interest for assessing water resources, as it flows in
the arid climate of western Kazakhstan and is one of the main sources of surface water for
economic use. Modelling and forecasting its flow are important for optimising water use,
preventing water shortages and analysing the impact of climate change on the hydrological
regime of the basin [36].

4. Materials and Methodology
In this study, a set of modern methods integrating climate modelling, hydrological

calculations, and climate data processing methods was used to analyse and forecast the
changes in the hydrological regime of selected rivers in Kazakhstan. The main approaches
used in the work are presented below, with a description of each step.

4.1. Collection and Processing of Hydrometeorological Data

The official data of RSE ‘Kazhydromet’ on daily and average monthly water discharge
(URL: https://www.kazhydromet.kz/ru/gidrologiya/ezhegodnye-dannye-o-rezhime-i-
resursah-poverhnostnyh-vod-sushi-eds, accessed on 16 May 2025), air temperature, pre-
cipitation, relative humidity, and wind speed (URL: https://www.kazhydromet.kz/ru/
interactive_cards, accessed on 21 May 2025) for a long historical period (1985–2022) were
used. Modern GIS-technologies (ArcGIS 10.5, GRASS GIS 7.2.2) were used for spatial
analysis and input data preparation, which made it possible to take into account relief, soil
types, land use, and the other physiographic parameters of catchments [37].

4.2. Global and Regional Climate Modelling

Data from the GCMs of the sixth phase of the CMIP6 (Coupled Model Intercomparison
Project Phase 6) project [35,37–41] were used to estimate future climate conditions. Two
scenarios of socio-economic development and greenhouse gas emissions were selected:

- The SSP2-4.5—‘moderate’ scenario, assuming the partial achievement of climate tar-
gets and the stabilisation of emissions, leading to a warming of 2.1–3.5 ◦C by 2100.

- The SSP5-8.5 is an ‘intensive’ scenario characterised by rapid emissions growth and
the warming of 3.3–5.7 ◦C by the end of the century.

CMIP6 models allow for a wide range of climate uncertainties and scenarios, and inte-
grate the results to assess regional patterns of temperature and precipitation changes [35].
The following analysis was conducted to select the optimal models for compiling the CMIP6
model ensemble:

https://www.kazhydromet.kz/ru/gidrologiya/ezhegodnye-dannye-o-rezhime-i-resursah-poverhnostnyh-vod-sushi-eds
https://www.kazhydromet.kz/ru/gidrologiya/ezhegodnye-dannye-o-rezhime-i-resursah-poverhnostnyh-vod-sushi-eds
https://www.kazhydromet.kz/ru/interactive_cards
https://www.kazhydromet.kz/ru/interactive_cards
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Stage 1. A detailed analysis was conducted on the 34 models presented on the
NASA/GDDP-CMIP platform, indicating the country of development, and considering
the principle of model distribution, input parameters, advantages and disadvantages.

Stage 2. Calculation and analysis of the obtained results of relative error, correlation
coefficients and NSE, and the selection of models corresponding to the conditions of the
calculated parameters.

Based on the results of the error assessment, models with the lowest reproduc-
tion error were selected from 34 models (Table 1). Fifteen models were selected for air
temperature forecasting: ACCESS-ESM1-5, CanESM5, CMCC-CM2-SR5, CNRM-ESM2-1,
EC-Earth3-Veg-LR, GFDL-CM4, HadGEM3-GC31-LL, HadGEM3-GC31-MM, IITM-ESM,
KACE-1-0-G, KIOST-ESM, MIROC6, MIROC-ES2L, NESM3, TaiESM1. These models cover
a wide range of climate systems and include various modelling methods, allowing for
diverse projections of global temperature and its changes in response to anthropogenic
impacts. The models represent a combination of different approaches, including the use of
different parameters in calculating greenhouse effects, ocean and atmospheric circulations,
and other factors.

Table 1. Description of GCMs from the CMIP6 dataset.

№ Model Index Country Model Name

Atmospheric
Resolution
(Latitude ×
Longitude)

Choosing a
Model by Air
Temperature

Choosing a
Model by

Atmospheric
Precipitation

1 ACCESS-ESM1-5 Australia
Australian Community

Climate and Earth
System Simulator

1.875◦ × 1.25◦ + +

2 CanESM5 Canada Canadian Earth
System Model 2.81◦ × 2.77◦ + +

3 CMCC-CM2-SR5 Italy

Centro
Euro-Mediterraneo sui
Cambiamenti Climatici

Climate Model 2

0.9◦ × 1.25◦ +

4 CNRM-ESM2-1 France

Centre National de
Recherches

Météorologiques Earth
System Model

1.41◦ × 1.39◦ +

5 EC-Earth3-
VEG-LR

Consortium of
European

Institutions

EC-Earth Consortium
Earth System Model 0.7◦ × 0.7◦ +

6 GFDL-CM4 USA
Geophysical Fluid

Dynamics Laboratory
Climate Model

1.25◦ × 1◦ +

7 GFDL-ESM4 USA
Geophysical Fluid

Dynamics Laboratory
Earth System Model

1.25◦ × 1◦ +

8 HadGEM3-GC31-
LL UK Hadley Centre Global

Environment Model 1.88◦ × 1.25◦ +

9 HadGEM3-GC31-
MM UK Hadley Centre Global

Environment Model 1.88◦ × 1.25◦ +
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Table 1. Cont.

№ Model Index Country Model Name

Atmospheric
Resolution
(Latitude ×
Longitude)

Choosing a
Model by Air
Temperature

Choosing a
Model by

Atmospheric
Precipitation

10 IITM-ESM India
Indian Institute of

Tropical Meteorology
Earth System Model

2◦ × 2◦ +

11 INM-CM5-0 Russia
Institute of Numerical
Mathematics Climate

Model
2◦ × 1.5◦ +

12 KACE-1-0-G South Korea

Korea Institute of
Atmospheric

Prediction Systems
Climate Model

1.88◦ × 1.25◦ +

13 KIOST-ESM South Korea

Korea Institute of
Ocean Science and
Technology Earth

System Model

1.88◦ × 1.25◦ +

14 MIROC6 Japan
Model for

Interdisciplinary
Research on Climate

1.41◦ × 1.39◦ +

15 MIROC-ES2L Japan

Model for
Interdisciplinary

Research on Climate
Earth System

2.81◦ × 2.77◦ +

16 NESM3 China

Nanjing University of
Information Science

and Technology Earth
System Model

1.88◦ × 1.85◦ + +

17 TaiESM1 Taiwan Taiwan Earth System
Model 2◦ × 2◦ +

18 UKESM1-0-LL United
Kingdom

UK Earth System
Model 1.88◦ × 1.25◦ +

Six models were selected for precipitation forecasting: ACCESS-ESM1.5, CanESM5,
GFDL-ESM4, INM-CM5-0, NESM3, and UKESM1-0-LL. Precipitation forecasting requires
the consideration of many factors, including atmospheric circulation, seasonal variations,
and the influence of local and regional factors such as mountain ranges and ocean currents.
Unlike temperature forecasts, precipitation often has greater local variability, requiring
more detailed models for accurate predictions.

The reliability of the ensemble of models and future climate scenarios was assessed by
comparing model calculations with observations at 16 meteorological stations in the regions
under consideration: Balkashino, Atbasar, Zhaltyr, Akkol, Shchuchinsk, Novoaleksevevka,
Ilyinsky, Aktobe, Temir, Martuk, Kos-Istek, Novorossisskoe, Katon-Karagay, Leninogorsk,
Ulken-Naryn, Terekty.

4.3. Bias Correction of Climate Data

Bias correction methods [35,38,42] have been used to improve the accuracy of calcula-
tions and eliminate systematic errors in the output of climate models. The main methods
are given as follows:

- Delta variation—the method is based on the assumption that relative changes in
climate variables (e.g., temperature or precipitation) obtained from modelling can
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be superimposed on historical observation series. To do this, the difference (for
temperatures) or ratio (for precipitation) between the climate model in the future and
in the base period is calculated. These corrections are then applied to the observed
data, allowing the creation of adjusted time series. The method is widely used due to
its simplicity and transparency, but it does not take into account changes in variance,
the sequence of extreme events, and seasonal characteristics [43–45].

- Linear scaling—in this approach, adjustments are made by aligning the average values
of modelled climate variables with observed values. For temperature series, this is
implemented as the addition of a systematic difference (bias), and for precipitation, as
multiplication by a coefficient reflecting the ratio of the observed and modelled sums.
The method is applicable for improving the average characteristics, but often does not
take into account the differences in the distribution of values and does not eliminate
errors in the reproduction of extreme events [42,46].

- Quantile mapping—one of the most statistically sound methods, allowing for the
correction of not only the bias of mean values, but also differences in the distribu-
tions of observed and modelled data. The essence of the method is to construct
an empirical distribution function for observations and model data for the calibra-
tion period and to compare the corresponding quantiles. As a result, each value
in the simulation series is assigned a corrective transformation that brings the dis-
tribution into line with the observed distribution. The method effectively reduces
errors in modelling extremes (heavy precipitation, heat waves, and cold spells) and
is often used in hydrological calculations that require a high accuracy of input data.
However, it is more computationally expensive and sensitive to sample size than
simple methods [47–49].

The application of bias correction methods is a key procedure in integrating climate
projections into hydrological modelling. By ensuring consistency between the modelled
and observed characteristics, this processing significantly reduces the risk of bias in water
flow estimates.

4.4. Hydrological Modelling Using SWIM Model

The ecological-hydrological model SWIM (Soil and Water Integrated Model) [50,51]
was used to simulate runoff and analyse intra-annual water distribution. SWIM is
widely used around the world, especially for assessing the impact of climate change
on river flow in the Elbe river basin [52,53] and other European river basins, includ-
ing the Tagus, Emajogi, Lule, Rhine, Danube, Samara, Teterev, Western Bug, Tai, and
Northern Dvina [54]. A more detailed description of the selection of the hydrological
model is given in the work [1].

Key features of SWIM are given as follows:

- The model is designed to evaluate the water balance, runoff, plant growth, erosion,
and nutrient cycling in the basins ranging from 100 to 10,000 km2.

- Hierarchical structure: basin—sub-basins—hydrotopes, which allows one to take into
account the spatial heterogeneity of the landscape.

- Integration of climatic, soil, hydrological and biological data, as well as the possibility
of working with a GIS interface for spatial analyses.

- Calibration and validation of the model was carried out on independent time intervals
to improve the reliability of the calculations.

The SWIM model takes into account more than 35 parameters during calibration. The
main ones are: riverbed roughness coefficients, parameters of maximum soil moisture
capacity, evaporation, groundwater, soil erosion, initial soil moisture reserves, riverbed
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and floodplain parameters, snow accumulation and snowmelt; coefficients of change in
characteristics with altitude, etc.

The results of the model effectiveness assessment were determined by the correlation
coefficient (R), which characterises the closeness of the relationship (when R > 0.7, the equa-
tion is recommended for use [55]), and the Nash–Sutcliffe efficiency coefficient (NSE) [56],
which is used to assess the predictive ability of hydrological models. For NSE > 0.6, the
model is recommended for use; ideally, NSE should tend towards 1.

4.5. Calculation and Assessment of Intra-Annual Flow Distribution

In this work, the composition method or the method of Andreyanov V.G. [57] was
used to calculate the intra-annual distribution of river flow, which has several advantages.
One of the key advantages of the method is its ability to take into account changes in
flow depending on the water content of the year. This is especially important for rivers
where there is high variability in runoff between high-water and low-water years, which is
typical for rivers in Kazakhstan. Unlike methods such as histograms or duration curves,
which often do not reflect such changes, Andreyanov’s method allows for a more accurate
consideration of the impact of climate change on runoff distribution.

In addition, the composition method allows for the effective division of runoff
into different water phases, such as high-water (25% probability), medium-water (50%)
and low-water years (75%) [58,59], which makes it particularly useful for analysing
seasonal fluctuations:

- High-water years—25%: This hydrological regime is observed approximately once
every four years. In such years, the inflow to the reservoir significantly exceeds the
average, which leads to an increase in the volume of runoff and a higher probability
of floods and flash floods. A year with a 25% probability of exceeding the level is
called a high-water year (or high-water), since such a high-water flow is maintained
or exceeded only in 25 out of 100 years (or 1 out of 4 years);

- Years with average flow—50%: These represent the most characteristic or ‘typical’
conditions, usually occurring once every two years. Years with a 50% probability
of exceeding the average are called years with average flow, since this water flow is
expected to be equal to or exceed the average in half of the observed years, making it
close to the median level of annual flow;

- Years with low consumption—75%: In these years, water consumption is significantly
below average. Such conditions are observed on average three out of every four years
(i.e., in 75% of years, water consumption exceeds this value, and only in 25% of years
is it lower). Low-water years are characterised by low inflow, which often leads to
problems with water supply and water use.

This breakdown makes it possible to more accurately predict periods of maximum and
minimum flows, which is extremely important for effective water resource management,
especially in the context of climate change. The simplicity and reliability of the method are
also important advantages. Unlike regression analysis or exponential smoothing, which
can depend on the quality and predictability of data, Andreyanov’s method is based on real
data and avoids excessive assumptions or complex calculations. This makes the method
convenient and reliable for practical use in a changing climate. In this regard, Andreyanov’s
method was chosen for further use in the work.

5. Results
5.1. Calibration and Adaptation of the SWIM Model on Three Rivers

The advantage of this model, in conditions of a sparse observation network, is the
possibility of using meteorological data from stations not located in the catchment area,
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since the model provides for data interpolation and filling in the entire basin area with
indicators. Synchronous continuous flow series and meteorological data for 6–18 years
were used for calibration. During these periods, the possibility of including years with
different water levels was maximised: high-water, low-water, and average-water years. Key
parameters were selected by calibrating the model based on the deviations of the calculated
runoff hydrographs from actual values. The calibration parameters are mainly adjusted to
changes in synoptic data (snowmelt temperature parameters, the threshold temperature
for the transition of liquid precipitation to solid, etc.), which were determined for river
catchments to the nearest hundredth. The results of the model effectiveness assessment can
be seen in Table 2.

Table 2. Main parameters of the calibration process for the rivers under study.

Name of the
River

Name of the
Hydrological Post

Calibration Period
NSE Meaning Correlation

Coefficient, RStart End

Buktyrma Lesnaya Pristan village 2002 2007 0.85 0.89

Zhabay Atbasar city 2000 2017 0.94 0.98

Ulken Kobda Kobda village 1984 1992 0.65 0.84

Based on the results obtained, it can be concluded that the use of a model based on
the dependence of runoff on climatic characteristics is fully justified. The effectiveness of
the modelling results according to NSE was 0.65–0.94, and according to the correlation
coefficient, 0.84–0.98. The model accurately reproduces the dynamics of the simulated
values, and the model time series can be deemed satisfactory.

5.2. Forecast Runoff of the Studied Rivers

According to averaged data from global models under the scenarios of greenhouse gas
concentrations SSP2-4.5 and SSP5-8.5, the forecast values of water runoff for the studied
water bodies were modelled. These climate models satisfactorily describe the current
temperature and precipitation regime in the study regions [60]. In accordance with the
recommendations of the World Meteorological Organisation (WMO), 25–30-year periods
(climatic ‘norms’) are used as the international standard for calculating the average annual
values for temperature, precipitation and other meteorological indicators [61,62]. This
ensures the comparability of results from different studies and regions, and provides an
objective basis for assessing the degree of deviation of current weather conditions from
typical conditions. Figures 2–4 show representative seasonal dynamics of river flow over
the last 40 years (from 1985 to the present) and for three periods (2025–2049, 2050–2074,
2075–2099). The analysis based on these intervals allows for the identification of stable
climate trends and provides a scientifically sound basis for climate and water resource
management planning.

Figure 2 shows the results for Zhabay river basin. For the historical period
(1985–2022), the average annual flow rate of the Zhabay river is approximately 13 m3/s,
with characteristic seasonal fluctuations. There is a reduction in the flow during the winter
months (<10 m3/s) and a district peak during the summer months due to snowmelt and
increased precipitation.
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Figure 2. Flow hydrograph of the Zhabay river—Atbasar city—according to SSP2-4.5 and SSP5-8.5
scenario data.
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Figure 3. Flow hydrograph of the river Buktyrma—Lesnaya Pristan village according to the SSP2-4.5
and SSP5-8.5 scenarios.
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Figure 4. Flow hydrograph of the river Ulken Kobda—Kobda village—according to the SSP2-4.5 and
SSP5-8.5 scenarios.

According to the modelled water discharges (under the SSP2-4.5 scenario), on the
river Zhabay—near the city of Atbasar—during the period from 2025 to 2049, the flood
peak will be increased approximately 1.5 times (from 27 to 41 m3/s). From 2050 to 2074,
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there will be an even greater increase in the river water content in April, reaching an
increase in the flood peak by 2 times (from 27 to 54 m3/s). Further from 2075–2099, the
streamflow continues to increase. Since the Zhabay river basin exhibits significant seasonal
and long-term variability in flow, which hinders the effective use of water resources and
leads to significant damage, as evidenced by the floods of 2014, 2017, and 2024 in the city of
Atbasar [10–13], understanding possible changes in the frequency and magnitude of floods
on the Zhabay river is crucial for improving flood management strategies and ensuring
water security in the region.

The results obtained under the SSP5-8.5 scenario on the Zhabay river show a similar
situation. During the period from 2025 to 2049, the flood peak will be increased by about
1.9 (from 27 to 51 m3/s) times. From 2050 to 2074, there is an even greater increase in water
availability in the basin in April, reaching a 2-fold increase in flood peak. Further from
2075–2099, the river discharge decreases again, but there is still a pronounced increase in
flood peak magnitude relative to the historical observations.

Figure 3 shows that, according to the results obtained, scenario SSP2-4.5 is charac-
terised by moderate climate transformation, with peak flood flows for the period 1985–2022
mainly formed by snowmelt from glacial and snow-covered areas, reaching values of
around 500–550 m3/s. In the near future, 2025–2049, no significant changes in the volume
and form of spring floods are expected—water consumption in the peak month is also
forecast at 550 m3/s. The second period (2050–2074) is characterised by the maximum flow
spreading over two months—April and May—and fluctuating between 420 and 450 m3/s.
This trend indicates the faster melting of snow cover and glaciers due to rising tempera-
tures. After 2075, there will be a 2.5-fold increase in the river’s water content in April, and
high-water levels will also be observed for two months in a row, but the peak will still be
reached in May—505 m3/s. At the same time, high seasonal contrast remains: summer and
autumn flow rates remain low, indicating an increased risk of low-water periods.

Scenario SSP5-8.5 reflects more intense warming and sharp changes in climatic factors.
In the base period, the spring peak is similar to the previous scenario (500–550 m3/s),
while, during the period 2025–2049, there is a slight increase in maximum flow to 570 m3/s.
During the period 2050–2074, the flood peak spreads over two months, with the maximum
remaining in May at 450 m3/s. The period from 2075 to 2099 is characterised by a shift in the
peak flood period from May to April and a sharp decrease in summer flows, reflecting the
impact of glacier degradation and the intensification of extreme hydrological phenomena.

The results obtained for the Buktyrma river basin show that glacier degradation in the
context of climate warming will contribute to a short-term increase in summer runoff due
to accelerated melting, but in the long term, this will lead to a decrease in summer runoff
and an increase in seasonal contrast.

The average annual flow for the historical period (1985–2022) is 5.29 m3/s. According
to the SSP2-4.5 scenario (Figure 4), the average annual flow for the period 2025–2049 is
3.68 m3/s, which is 30.5% lower compared to the historical period. This scenario can
be attributed to moderate climate perturbations that affect precipitation and snow cover,
resulting in reduced flows in the river.

The analysis of flow changes for the forecast periods showed a significant decrease
in the water resources of the Ulken Kobda river for both scenarios SSP2-4.5 and SSP5-8.5
compared to the baseline historical period (Figure 4).

Under the SSP5-8.5 scenario, the average annual flow for the period 2025–2049 is
around 2.93 m3/s, which is 44.8% lower than the historical value, indicating a more
significant reduction. This trend can be attributed to more pronounced climatic changes,
including higher temperatures, lower precipitation, and earlier snowmelt.
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A comparison of the runoff changes between the two scenarios (SSP2-4.5 and SSP5-8.5)
shows that the impact of more severe climatic conditions under the SSP5-8.5 scenario leads
to a significant reduction in runoff, by 44.8% (from 5.29 to 2.92 m3/s), in contrast to the more
moderate reduction under SSP2-4.5, where the reduction was 30.5% (from 5.29 to 3.68 m3/s).
These data confirm that higher levels of greenhouse gas emissions, accompanied by intense
climate change, lead to more dramatic reductions in water resources.

Table 3 presents the results of the CMIP6 multi-model ensemble calculations for the
predicted annual runoff for the three rivers studied under the SSP2-4.5 and SSP5-8.5 climate
change scenarios. For each scenario and time period (2025–2049, 2050–2074, 2074–2099), the
5th and 95th percentiles for the model ensemble are given, which allows for a quantitative
assessment of the range of inter-model variability.

Table 3. Projected changes in annual runoff of the Buktyrma, Zhabay, and Ulken Kobda
rivers according to the CMIP6 model ensemble (5th and 95th percentiles) in the SSP2-4.5 and
SSP5-8.5 scenarios.

Scenarios Years
Buktyrma River, m3/s Zhabay River, m3/s Ulken Kobda River, m3/s

5% 95% 5% 95% 5% 95%

SSP2-4.5

2025–2049 335 201 55.4 7.35 7.24 0.86

2050–2074 340 203 55.1 15.9 6.52 1.62

2074–2099 368 206 50.9 6.54 6.32 0.69

SSP5-8.5

2025–2049 380.4 166.8 37.81 8.43 6.69 1.13

2050–2074 396.6 198.6 39.43 7.17 10.04 0.77

2074–2099 390.2 213.6 44.47 7.68 8.45 1.55

Base period 1985–2022 229 13.0 5.3

5.3. Forecast of Intra-Annual Distribution of River Runoff

A calculation and analysis of the intra-annual runoff dynamics of the Zhabay river was
carried out for the forecast period up to 2099 under two scenarios (SSP2-4.5 and SSP5-8.5)
for phases of varying water content. Climate change under both scenarios will have a
significant impact on the formation, distribution, and seasonal structure of the Zhabay
river’s flow. The analysis shows how the intra-annual regime is transformed under global
warming conditions. According to CMIP6 scenarios, key climate changes in the Zhabay
region include [31] the following:

- An increase in mean annual air temperature (up to +2–4 ◦C depending on the scenario);
- Shortening the duration of the snow period and decreasing snow reserves by the end

of winter;
- Acceleration of snowmelt in spring, leading to abrupt and short-lived floods;
- Increased evapotranspiration in summer, which increases soil moisture deficit and

reduces runoff;
- A possible increase in precipitation during transitional seasons (autumn), mainly in

the form of rainfall.

The combination of these factors forms the key trends in the change of the Zhabay
river flow (Figure 5).
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Figure 5. Intra-annual flow distribution on the Zhabay river—Atbasar city for years of different
water availability for the period 2025–2099: 25%—high-water year, 50%—middle-water year, 75%—
low-water year.

In both scenarios, there is a pronounced seasonality of runoff, dominated by the
spring flood (April–May), which accounts for 44 to 55% of the annual volume. During
the summer–autumn period (June–November), the contribution decreases significantly to
between 18 and 25%, with November showing a localised increase in the runoff share.

The maximum volume of meltwater accumulates in the snowpack during the winter
and is released over a short period in spring, resulting in a pronounced runoff peak in
April. This pattern is especially distinct in high-flow and average-flow years under both
climate scenarios. In contrast to the spring season, October is characterised by significantly
lower runoff, which is governed by the end of the vegetation period, reduced evaporation,
and moderate precipitation, predominantly in the form of rain. In certain years, a minor
increase in runoff may be observed in October, attributed to late-autumn rainfall or specific
features of subsurface flow dynamics. However, neither the magnitude nor the intensity
of these processes is comparable to that of snowmelt-driven spring floods. Under current
climatic conditions, the increasingly earlier termination of the solid precipitation and
stabilisation of temperature patterns also contribute to the limited contribution of autumn
runoff by inhibiting rapid surface water inflow. Thus, the contrast between the pronounced
April peak and the episodic rise in October runoff in the Zhabay river is primarily driven
by the dominant role of snowmelt in shaping the spring hydrological regime, whereas
autumnal processes have a secondary influence, contributing only to localised anomalies
through atmospheric precipitation and delayed groundwater discharge. The winter period
(December–March) is characterised by extremely low values of less than 5% of annual
runoff, which is typical of the continental climate of the region (Table 4).

According to the SSP2-4.5 scenario, in high-water years (25 per cent), the flood peak
occurs in April (44.5 per cent), with notable contributions also in May (14 per cent) and
June (11.1 per cent). In autumn, there is a secondary peak in November (11.9%). Winter
months cumulatively contribute about 4.7 per cent.

In average water years (50%), April (50.1%) and May (15.8%) form the bulk of the
runoff. The summer months are characterised by a decrease to 3–6%. The autumn maxi-
mum in November is weakened (6.9%).

In low-water years (75%), the spring peak persists (April—49.4%), whilst summer and
autumn months are of limited importance. November increases again (8.5%) as a secondary
peak. Winter values are minimal.
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Table 4. Intra-annual distribution of the runoff of the Zhabay river—Atbasar city—for years of
different water availability (in % of annual runoff).

SSP2-4.5

Provision of the
year, %

Spring (IV–V) Summer–Autumn (VI–XI) Winter (XII–III) Amount for
the yearIV V VI VII VIII IX X XI XII I II III

25%—high water 44.5 14.0 11.1 6.3 3.5 2.3 1.8 11.9 1.8 1.2 0.9 0.8 100

50%—middle water 50.1 15.8 6.5 5.4 4.1 3.2 2.6 6.9 1.8 1.3 1.2 1.0 100

75%—low water 49.4 15.6 6.7 4.5 3.6 3.0 2.6 8.5 2.3 1.6 1.1 1.0 100

SSP5-8.5

Provision of the
year, %

Spring (IV–V) Summer–Autumn (VI–XI) Winter (XII–III) Amount for
the yearIV V VI VII VIII IX X XI XII I II III

25%—high water 52.8 13.2 8.6 4.4 3.0 2.4 1.8 10.4 1.2 0.9 0.7 0.6 100

50%—middle water 55.4 15.6 6.2 4.2 3.1 2.6 2.2 5.5 1.7 1.4 1.2 1.1 100

75%—low water 53.7 11.8 7.7 4.6 3.2 2.6 2.0 8.9 1.9 1.4 1.2 1.0 100

However, under scenario SSP5-8.5, in high water years, there is a significant strength-
ening of spring flows—up to 52.8% in April. The summer months are weakened and a local
maximum (10.4%) is again recorded in November. Winter values are less than 3.5 per cent.

In mid-water years. April becomes dominant (55.4%), and May less so with 15.6%.
Summer runoff is limited (less than 6%), and November yields 5.5%. Winter is extremely
low (1–1.4%).

In low-water years (75%), April (53.7%) remains the main month of flow formation,
with May (11.8%) decreasing in importance. Summer and winter have almost no pro-
nounced contribution, with November again showing an increase (8.9%).

Spring floods will increase under extreme climatic scenarios, with the runoff concen-
tration in April. Summer will become even more low-water, especially at SSP5-8.5, which
may affect water supply during the growing season. Increased runoff in November may
indicate a shift in seasonal precipitation or a change in snowmelt dynamics. Winter runoff
loses its hydrological significance and requires a separate analysis in the context of channel
freezing and water system management (Table 5).

Table 5. Comparative characteristics of seasonal features of river flow under scenarios SSP2-4.5
and SSP5-8.5.

Indicator SSP2-4.5 SSP5-8.5

Spring peak April (up to 50%) April (up to 55%)

Flood duration Stretched (IV–V) Compressed, sharp peak

Summer runoff +10–18% +3–8%

Autumn contribution (XI) Up to +11% Up to +10.4%

Winter runoff Low, March—active Almost disappears

Seasonality Pronounced Sharply contrasted

Thus, there is an increased seasonality of runoff and a growing intra-annual contrast
between spring and the rest of the seasons, especially under conditions of intense climatic
change under the SSP5-8.5 scenario.

The CMIP6 climate scenarios in the Buktyrma river basin assume [31] the following

- An increase in air temperature of 2–4 ◦C, depending on the scenario and season;
- A reduction in snow cover accumulation in winter, especially under SSP5-8.5;
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- An acceleration of spring snowmelt and an increase in the proportion of precipitation
in the form of rain during the warm season;

- The increased intensity and frequency of autumn and summer showers;
- A reduction in glacier storage in the highlands, which reduces the steady flow in the

summer season.

These changes directly affect the hydrological regime of the Buktyrma mountain
river (Figure 6).
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Figure 6. Intra-annual flow distribution on the Buktyrma river—Lesnaya Pristan village for years of
different water availability during the period 1985–2022, 25%—high-water year, 50%—middle-water
year, and 75%—low-water year.

In all water availability variants, the main part of the annual runoff is formed during
April–July, with a peak in May or April depending on the scenario. The autumn period
(August–November) is also characterised by an additional contribution due to heavy
precipitation. The winter period (December–March) remains low water, although there a
modest increase in winter discharge is indicated under SSP5-8.5 (Table 6).

According to the SSP2-4.5 scenario, in the temperate climatic scenario, the traditional
runoff distribution for mountain rivers is maintained, with a dominance of the May peak:

In high-water years, the runoff peaks are in May (26.2 per cent), with significant
contributions also in July (11.5 per cent) and October (12.7 per cent). April and June are
also active, which corresponds to the nature of spring–summer snowmelt. Winter runoff is
mainly formed in March (4.3 per cent).

In average water years, runoff distribution is concentrated in May (37%) and July
(18%). The contribution of autumn months is minimal, especially in August–November.
Winter runoff is practically absent.

In dry years, the May maximum (26.7 per cent) and October secondary peak
(11.0 per cent) persist. March also remains relatively active (4.2%).

Thus, in SSP2-4.5, the Buktyrma river is characterised by a two-stage flow structure—
with the high flows in spring and autumn (October).

According to the SSP5-8.5 scenario, under enhanced warming, significant changes in
runoff patterns characteristic of mountain basins are observed:

In high-water years, peak runoff shifts from May to April (25.8%), which is associated
with accelerated snowmelt. The May contribution decreases (18.5%), while June and
October remain significant (13.2% and 12.9%, respectively). Winter runoff increases, up
to 4.5% in total, which may be related to the increased frequency of winter thaws or the
transition of precipitation to the liquid phase.
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Table 6. Intra-annual flow distribution of the Buktyrma river—Lesnaya Pristan —for years of different
water availability (in % of annual flow).

SSP2-4.5

Provision of the
year, %

Spring–Summer (IV–VII) Autumn (VIII–XI) Winter (XII–III) Amount for
the yearIV V VI VII VIII IX X XI XII I II III

25%—high water 17.3 26.2 8.3 11.5 8.7 6.2 12.7 3.7 0.8 0.1 0.1 4.3 100

50%—middle water 27.5 37.0 12.3 18.0 1.1 0.9 1.8 0.5 0.1 0.0 0.0 0.6 100

75%—low water 20.0 26.7 8.7 12.0 7.4 5.5 11.0 3.6 0.8 0.1 0.1 4.2 100

SSP5-8.5

Provision of the
year, %

Spring–Summer (IV–VII) Autumn (VIII–XI) Winter (XII–III) Amount for
the yearIV V VI VII VIII IX X XI XII I II III

25%—high water 25.8 18.5 13.2 8.6 7.6 5.6 12.9 3.2 1.7 1.2 0.9 0.7 100

50%—middle water 25.8 21.7 10.9 8.8 7.3 5.3 12.4 3.1 1.8 1.3 1.0 0.8 100

75%—low water 27.4 20.5 12.3 8.2 6.9 5.1 11.4 3.2 1.9 1.3 1.0 0.7 100

In average water years, there is an even distribution of spring runoff between April
(25.8%) and May (21.7%), with moderate values in June (10.9%) and October (12.4%). Winter
runoff is about 4.9% of annual runoff.

In low-water years, April becomes the main runoff month (27.4%), while May and
June also remain active. October shows a steady contribution (11.4%), winter—up to 4.9%.

For the Ulken Kobda river, under scenario SSP2-4.5—under moderate climate change—
spring remains the main flow season, but summer flow gradually decreases due to de-
creased summer precipitation and increased temperature. Winter remains relatively
stable, with minimal change. Under scenario SSP5-8.5—under more extreme climate
change—although there will still be more water in the summer, under more extreme cli-
mate change, winter runoff will increase and summer runoff will decrease, changing the
distribution of runoff by month and season. This is due to warmer winters, changes in
precipitation patterns (with increased winter precipitation in the form of snow), and more
intense snowmelt.

In order to assess the impact of climate change on the long-term flow distribution of
the Ulken Kobda river, data on the intra-annual flow distribution were analysed based on
two climate scenarios derived from the CMIP6 model (Figure 7).
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Figure 7. Intra-annual flow distribution on the Ulken Kobda river—Kobda village for years of
different water availability for 1985–2022, 25%—high-water year, 50%—middle-water year, and
75%—low-water year.
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Climatic changes projected under scenarios SSP2-4.5 and SSP5-8.5 could significantly
affect the flow distribution of the Ulken Kobda river in the future, with a shift in peak flows
towards the winter period and a reduction in summer flows (Table 7).

Table 7. Intra-annual flow distribution of the Ulken Kobda river—Kobda village for years with
different water availability (in % of annual flow).

SSP2-4.5

Provision of the
year, %

Spring (IV–V) Summer–Autumn (VI–XI) Winter (XII–III) Amount for
the yearIV V VI VII VIII IX X XI XII I II III

25%—high water 57.1 16.1 4.8 2.8 1.3 0.7 0.3 0.4 1.5 0.2 0.0 14.8 100

50%—middle water 59.5 17.8 2.9 1.5 0.9 0.5 0.2 0.2 2.8 0.5 0.2 13.2 100

75%—low water 63.0 17.8 1.8 0.8 0.5 0.3 0.1 0.2 1.6 0.3 0.0 13.8 100

SSP5-8.5

Provision of the
year, %

Spring (IV–V) Summer–Autumn (VI–XI) Winter (XII–III) Amount for
the yearIV V VI VII VIII IX X XI XII I II III

25%—high water 48.3 14.4 5.8 3.2 1.6 0.4 0.2 0.8 1.8 0.5 0.0 23.0 100

50%—middle water 55.2 14.7 4.9 2.8 1.7 0.6 0.5 0.9 2.5 0.6 0.2 15.7 100

75%—low water 58.5 16.5 7.5 4.1 2.6 0.5 0.9 1.5 0.2 1.4 0.5 6.0 100

According to scenario SSP2-4.5, in high-water years, spring (April–May) accounts for
57.1 per cent of the annual runoff, while the summer period (June–August) gives 16.1 per
cent in May and 4.8 per cent in June. The autumn and winter periods have lower rates,
with 1.3% in September and 14.8% in March.

In average water years, spring accounts for 59.5% of the total runoff, summer accounts
for 17.8%, autumn accounts for 5%, and winter accounts for 13.2%.

In low-water years, spring receives 63% of the runoff, summer and autumn have
minimal contribution, and the winter period is 13.8%.

According to scenario SSP5-8.5, in high-water years, spring accounts for 48.3% of the
annual runoff, which is 8.8% lower than in the SSP2-4.5 scenario. Summer runoff decreases
to 14.4% and autumn runoff to 5.8%. Winter increases significantly, reaching 23%.

In average years, 55.2% of runoff is given in spring, 14.7% in summer, 4.9% in autumn,
and the winter period increases to 15.7%.

In low-water years, 58.5% of runoff is given in spring, whilst summer and autumn
lose a significant part, and the winter period is 6%.

6. Discussion
An analysis of the CMIP6 model ensembles for the region indicates a trend towards

more frequent extreme hydrological events, including more abrupt floods and prolonged
low-water periods in summer [63]. The Central Asian rivers are characterised not only by
increased spring floods, but also by an increase in the frequency and duration of summer
droughts, as well as a decrease in sustainable summer runoff. For the Buktyrma river and
other Central Asian rivers, a doubling of April runoff and a decrease in summer runoff are
projected under strong warming scenarios [30]. Similar trends have been identified for the
Koktal basin (Zhetysu Alatau, Southeast Kazakhstan), where, in recent decades, there has
been an increase in winter runoff, a decrease in the spring peak, and a decrease in summer
runoff in low-water years, which is associated with earlier snowmelt and an increase in the
frequency of winter thaws [64]. An increase in winter low-water runoff and a redistribution
of seasonal water resources are also predicted in the study by Li, Z. et al., who found a sta-
tistically significant increase in winter runoff and a redistribution of intra-annual dynamics
for the Zhetysu Alatau (Koktal, Sarykan, Bizhi) rivers, where part of the runoff shifts from
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spring to winter and early spring, and summer runoff decreases [64]. Similar conclusions
are given for the Zhaiyk basin, where a decrease in the proportion of spring runoff and
an increase in winter and autumn runoff are noted, which is associated with changes
in the precipitation structure and temperature conditions [7]. The identified changes in
hydrological regimes in the paper are similar to the results of previous regional and global
studies. Namely, the shift and intensification of spring runoff peaks due to the accelerated
melting of snow cover and glaciers in mountainous regions (Intergovernmental Panel on
Climate Change [65]). The present study employs modern CMIP6 ensemble models with
high spatial resolution, together with the physically structured hydrological model SWIM,
which provides a more detailed representation of processes within the basins. Corrections
for climate data biases demonstrate an improvement in the agreement of temperature and
precipitation with observed parameters, which improves the quality of the input data for
hydrological modelling. The results of the SWIM model calibration, confirmed by the NSE
convergence coefficient from 0.65 to 0.94, indicate the high adequacy of reproducing histori-
cal discharges. It should nevertheless be emphasised that the assumption of the stationarity
of biases may limit the accuracy of predicting extreme hydrological events and changes
in precipitation distribution under future climatic conditions. The hydrological model
takes into account the processes of snowmelt and the spatial and temporal distribution of
precipitation. At the same time, the influence of anthropogenic factors, water intake, and
the management of water bodies, is assessed indirectly in this study and requires further
in-depth analysis, since these factors can significantly modify the hydrological regime.

Forecasting hydrological processes under climate change is always accompanied by
systemic uncertainties. The contribution of climate model variability is taken into account
through the use of the CMIP6 ensemble, but the quantitative assessment of uncertainty
for these data in the study is limited. To improve the reliability of the forecast, it is recom-
mended to use methods for quantitative assessment of uncertainty, including ensemble the
modelling of hydrological processes, as well as probabilistic methods that allow forming
confidence intervals.

7. Conclusions
Using the climate scenarios of global data models, water flow projections in

3 Kazakhstan river basins up to 2099 were obtained on the basis of hydrological model
SWIM. Key points in each basin of the studied rivers are given as follows:

Buktyrma river—Lesnaya Pristan village. The analysis of the results obtained (ac-
cording to scenarios SSP2-4.5 and SSP585) showed that changes in water flow until 2049
will be insignificant and close to the current river regime. Between 2050 and 2074, there
will be a 1.7-fold increase in the river’s water content in April, with a flow volume of
1611 million m3, compared to 941.2 million m3 for the historical period (1). High water
consumption will continue throughout April and May (2). During the period 2075–2099,
according to the RCP 4.5 scenario, the peak flood in May will decrease, but a sharp increase
in water levels is expected in April; according to the SSP585 scenario, the peak flood will
shift from May to April (3). The processes of glacier degradation in the Buktyrma basin
are associated with changes in the seasonal distribution of runoff: earlier and more abrupt
spring floods are expected, along with a decrease in the stability of summer water supply
and a possible increase in extreme hydrological events.

Ulken Kobda River—Kobda village. Under the SSP2-4.5 scenario, the average annual
flow for the period 2025–2049 is around 3.68 m3/s, which is 30.5% lower compared to the
historical period (1985–2022)—5.29 m3/s (4). This result can be attributed to moderate
climatic changes that affect precipitation and snow cover, resulting in reduced flows in
the river. Under the SSP5-8.5 scenario, the average annual flow for the period 2025–2049
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is around 2.93 m3/s, which is 44.8% lower than the historical value, indicating a more
significant reduction (5). This trend can be attributed to more pronounced climatic changes,
including higher temperatures, lower precipitation, and earlier snowmelt, which have
significant impacts on the hydrological regime of the region.

The results of the analysis of flow changes on the Ulken Kobda river indicate
a significant impact of climate change on water resources in the region. Projections
show a significant decline in flows in the future, requiring adaptation measures and
improved water management, especially in the context of high greenhouse gas emission
scenarios (SSP5-8.5).

For Zhabay river—Atbasar city—the analysis of the results obtained showed (ac-
cording to scenarios SSP2-4.5 and SSP5-8.5) that, between 2025 and 2049, the peak flood
discharge will increase by approximately 1.5 times (from 27 to 41 m3/s) (6). From 2050 to
2074, there will be an even greater increase in the river’s water content in April, with the
peak flood increasing by 2 times (from 27 to 54 m3/s) (7). During the period 2075–2099, ac-
cording to the SSP2-4.5 scenario, the river’s water content will continue to increase (8). With
the constant flooding of the riverbed in this part of the river, the scenario results play an
important role in water resource management planning on the Zhabay river; according to
the SSP5-8.5 scenario, the river water availability approaches the current water availability
parameters, but there are risks of a sharp increase in the flood peak.

The results of water content in the studied rivers according to the scenarios show a
significant change in the temporal and quantitative distribution of water content in rivers
in the coming century. The main influence on the surface runoff of the Buktyrma river will
be the melting of glaciers and snow. The contribution of glacier degradation to the flow of
the Buktyrma river may result in a slight increase in the peak flood level until 2050, but
between 2050 and 2099, the maximum volume—the peak of surface runoff—will shift to an
earlier period, as the increase in air temperature will lead to an earlier start of high water on
rivers (9). On the Zhabay river, after 2050, the most noticeable increase in precipitation is
expected, mainly in winter, as well as an increase in torrential rains in spring, so intensive
snowmelt and rains will provoke high spring floods, twice as high as the floods at present
(10). On the Ulken Kobda river, earlier snowmelt will lead to a reduction in the snow
accumulation period in the Ulken Kobda river basin, a decrease in soil freezing, and a
decrease in river water content compared to the period from 1985 to 2022.

The rate of air temperature increase in Kazakhstan exceeds the global average, which
is intensifying the transformation of the hydrological regime. Modelling under CMIP6
scenarios (SSP2-4.5, SSP5-8.5) indicates the further strengthening of these trends by the end
of the 21st century. All considered rivers show a decrease in the proportion of spring runoff
and an increase in winter low-water flow (on the Zhabay less than 1% in winter, but the
trend is positive). Buktyrma is characterised by a prolonged spring–summer flood, while
Zhabay and Ulken Kobda are characterised by a sharp peak in spring and a low winter
low-water period. A significant positive trend in spring–summer runoff was detected for
the Buktyrma (slope coefficient up to 57 m3/s/10 years in May) (11), and an increase in
April runoff by 34 m3/s/10 years for the Zhabay (12). In winter months, all rivers show a
positive trend of low-water flow, which is associated with warming and a reduction in the
soil freezing depth.

The trends identified in this study—shift and strengthening of the spring peak, re-
duction in summer runoff, increase in winter low-water runoff and increase in the risk of
extreme events—are consistent with the results of independent international and regional
studies from recent years. The use of modern climate models and analysis methods makes
it possible to improve the reliability of forecasts and the validity of strategies for adapting
to climate risks, which is important for long-term water management planning and sus-
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tainable water resource management in the region. The quantitative indicators obtained
and the trends identified require adjustments to water resource management strategies,
especially in the context of increasing water scarcity and the growth of extreme events.
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