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Abstract. Water scarcity during the growing season remains a major constraint for irrigated agriculture 
in Central Asia, particularly in transboundary river basins where water availability depends on mountain snow 
accumulation and melt processes. This study aims to assess how seasonal snow dynamics influence water 
availability in the Kuragaty sub-basin of the Shu river basin, with focus on downstream agricultural areas lo-
cated in Kazakhstan and Kyrgyz Republic. Snow cover dynamics were derived from Sentinel-2 satellite imag-
ery for elevations above 1000 m over the period from November to May (2018–2025), using a threshold-based 
snow detection approach. Evapotranspiration over agricultural lands was estimated from Landsat data using 
an energy balance model, while river discharge data from hydrometric stations were used to characterize the 
hydrological response. The results show a stable seasonal pattern of snow cover, with maximum extent ob-
served in winter (December-February), where mean values exceed 55 % and reach 59 ± 11.7% in December. 
In spring, snow cover rapidly decreases to 27.6 ± 12.7% in April and below 10 % in May. The spring snow 
index (March-April) averages 37 ± 8.2%, reflecting strong interannual variability. Evapotranspiration follows 
a consistent seasonal cycle, increasing to 2.1 ± 0.6 mm/day in May and reaching peak values of up to 7.4 ± 1.2 
mm/day in June. The total evapotranspiration during the growing season (May-September), averages 214.4 ± 
24.2 mm. River discharge during this period shows moderate variability, with mean values of 4.26 ± 1.34 m3/s 
and peak flows occurring in early summer. A consistent positive relationship was observed between late-win-
ter to early-spring snow cover and evapotranspiration during May-June, indicating that snowmelt contributes 
to water supply at the onset of the irrigation period. At the same time, evapotranspiration patterns are also 
influenced by vegetation development and increasing atmospheric demand, suggesting that snow dynamics 
act as an initial, but not the only, controlling factor. Overall, the findings highlight the importance of mountain 
snow cover for sustaining water resources in the northern part of the basin and provide a practical basis for 
improving irrigation planning under conditions of interannual variability.
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Аннотация. Орталық Азияда вегетациялық кезеңдегі су тапшылығы суармалы ауыл 
шаруашылығы үшін негізгі шектеуші факторларының бірі болып қала береді, әсіресе су ресурстарының 
қолжетімділігі таулы аймақтардағы қардың жиналуы мен еру үрдістеріне тәуелді трансшекаралық 
өзен алқаптарында байқалады. Бұл зерттеу Шу бассейнінің Құрағаты суб-бассейнінде маусымдық 
қар жамылғысы динамикасының сур ресурстарының қолжетімділігіне әсерін бағалауға бағытталған. 
Қазақстан мен Қырғыз республикасы аумағында орналасқан төменгі ағыс бөлігіндегі ауыл 
шаруашылығы жерлеріне ерекше назар аудара отырып, қар жамылғысының динамикасы 2018–2025 
жылдар аралығында қараша-мамыр кезеңінде теңіз деңгейінен 1000 мден жоғары аумақтар үшін 
Sentinеl-2 спутниктік деректері негізінде, шекті мәндерге негізделген қарды анықтау әдісін қолда-
ну арқылы анықталды. Ауыл шаруашылығы алқаптарындағы эвапотранспирация Landsat деректері 
негізінде энергия теңгерімі моделін пайдалану арқылы бағаланды, ал гидрометриялық станциялар-
дағы өзен ағынының деректері гидрологиялық жауапты сипаттау үшін қолданылды. Нәтижелер қар 
жамылғысының маусымдық тұрақты заңдылығын көрсетті, оның ең жоғары мәндері қыс мезгілінде 
(желтоқсан-ақпан) байқалады, мұнда орташа көрсеткіштер 55 %-дан асып, желтоқсан айында 59 ± 11.7 
%-ға жетеді. Көктемде қар жамылғысы жылдам азайып, сәуір айында 27.6 ± 12.7 %-ға дейін төмен-
дейді және мамыр айында 10 %-дан төмен болады. Көктемгі қар индексі (наурыз-сәуір) орта есеппен 
37 ± 8.2 % құрап, жылдар арасындағы өзгергіштіктің жоғары деңгейін көрсетеді. Эвапотранспирация 
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айқын маусымдық цикл бойынша өзгеріп, мамыр айында 2.1 ± 0.6 мм/тәулікке дейін артады және 
маусым айында 7.4 ± 1.2 мм/тәулікке дейінгі ең жоғары мәндерге жетеді. Вегетациялық кезеңдегі (ма-
мыр-қыркүйек) жиынтық эвапотранспирация орта есеппен 214.4 ± 24.2 мм құрайды. Осы кезеңдегі 
өзен ағыны орташа өзгергіштікпен сипатталып, орташа мәне 4.26 ± 1.34 м3/с құрайды, ал ең жоғарғы 
ағындар жаздың басында байқалады. Қыстың соңы мен көктемнің басындағы қар жамылғысы мен 
мамыр-маусым айларындағы эвапотранспирция арасында тұрақты оң байланыс анықталды, бұл қар 
еруі суару кезеңінің басталуына су ресурстарының қалыптасуына үлес қосатының көрсетеді. Сонымен 
қатар, эвапотранспирацияның өзгерісі өсімдік жамылғысының дамуы мен атмосфералық сұраныстың 
артуына да тәуелді, бұл қар динамикасының бастапқы, бірақ жалғыз анықтаушы фактор емес екенін 
көрсетеді. Жалпы алғанда, алынған нәтижелер алаптың солтүстік бөлігіндегі су ресурстарын тұрақты 
қамтамасыз етуде таулы аймақтардағы қар жамылғысының маңыздылығын айқындайды және жылдар 
арасындағы өзгергіштік жағдайында суаруды жоспарлауын жетілдіру үшін практикалық негіз ұсына-
ды.

Түйін сөздер: жерді қашықтан зерделеу, қар жамылғысы, эвапотранспирация, Шу бассейні, 
METRIC моделі, суару, су ресурстарының қолжетімділігі
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Аннотация. Дефицит воды в вегетационный период остаётся одним из основных 
ограничивающих факторов для орошаемого сельского хозяйства в Центральной Азии, особенно в 
трансграничных речных бассейнах, где водообеспеченность зависит от накопления и таяния снежного 
покрова в горных районах. Целью данного исследования является оценка влияния сезонной динамики 
снежного покрова на водообеспеченность в суб-бассейне Курагаты бассейна реки Шу с акцентом 
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на сельскохозяйственные территории нижнего течения, расположенные в Казахстане и Кыргызской 
Республике. Динамика снежного покрова была определена по спутниковым данным Sentinel-2 для 
территорий выше 1000 м над уровнем моря за период с ноября по май (2018–2025 гг.) с использова-
нием порогового метода выделения снега. Эвапотранспирация на селькохозяйственных землях оце-
нивалась по данным Landsat с применением модели энергетического баланса, в то время как данные 
о речном стоке с гидрометрических станций использовались для характеристики гидрологического 
отклика. Результаты показывают устойчивый сезонный характер изменения снежного покрова, при 
этом максимальное значение наблюдается зимой (декабрь-февраль), где средние значения превышают 
55 % и достигают 59 ± 11.7 % в декабре. Весной снежный покров быстро уменьшается до 27.6 ± 12.7% 
в апреле и ниже 10 % в мае. Весенний снежный индекс (март-апрель) в среднем составляет 37 ± 8.2 % 
отражая значительную межгодовую изменчивость. Эвапотранспирация следует выраженному сезон-
ному циклу, увеличиваясь до 2.1 ± 0.6 мм/сут в мае и достигая пиковых значений до 7.4 ± 1.2 мм/сут в 
июне. Суммарная эвапотранспирация за вегетационный период (май-сентябрь) в среднем составляет 
214.4 ± 24.2 мм. Речной сток в этот период характеризуется умеренной изменчивостью, со средними 
значениями 4.26 ± 1.34 м3/с и пиковыми расходами в начале лета. Выявлена устойчивая положитель-
ная связь между снежным покровом в конце зимы – начале весны и эвапотранспирацией в мае-июне, 
что свидетельствует о вкладе талых вод в формирование водных ресурсов в начале периода орошения. 
В то же время характер эвапотранспирации определяется также развитием растительности и ростом 
атмосферного спроса, что указывает на то, что динамика снежного покрова является начальным, но не 
единственным определяющим фактором. В целом полученные результаты подчёркивают важную роль 
горного снежного покрова в обеспечении водных ресурсов в северной части бассейна и формируют 
практическую основу для совершенствования планирования орошения в условиях межгодовой 
изменчивости.

Ключевые слова: дистанционное зондирование Земли, снежный покров, эвапотранспирация, 
бассейн реки Шу, модель METRIC, орошение, водообеспеченность
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науки и высшего образования РК на научные и (или) научно-технические проекты (№ AP26104801)
Introduction.
Over the past two decades, remote sensing has become a standard tool for monitoring key components 

of the water cycle, including snow cover and evapotranspiration (ET), at regional and basin scales (Hao et 
al., 2023; Zhang et al., 2025). The increasing availability of satellite data has significantly improved the un-
derstanding of spatial and temporal variability of hydrological processes, particularly in regions with limited 
ground observations such as Central Asia. In mountain environments, seasonal snow cover plays a fundamen-
tal role in regulating water availability, acting as a temporary storage that controls the timing and magnitude 
of runoff formation. The contribution of snowmelt to river discharge is especially critical in arid and semi-arid 
regions, where downstream agricultural systems rely heavily on meltwater during the early growing season. 
At the same time, ET represents one of the main pathways of water consumption in irrigated landscapes and 
reflects the combined influence of climatic conditions, vegetation development, and water management prac-
tices (Hao et al., 2023).

The Shu River Basin represents one of the key transboundary water systems in Central Asia, shared 
between Kazakhstan and Kyrgyzstan (Linke et al., 2019; Adenova et al., 2025). Its hydrological regime is 
largely controlled by processes occurring in the northern Tien Shan, where snow accumulation during winter 
and subsequent melt in spring govern the seasonal redistribution of water (Narbayeva et al., 2025). Although 
the basin itself is not among the largest in the region, its role in supporting irrigated agriculture is dispropor-
tionately in the southern districts of Kazakhstan (Adenova et al., 2024)Central Asia (CA. Climatic conditions 
across the basin are predominantly arid to semi-arid. Annual precipitation is unevenly distributed and general-
ly insufficient to sustain crop production without irrigation. As a result, agriculture relies heavily on externally 
supplied water, much of which originates from mountainous headwaters. In Kazakhstan, irrigated farming 
accounts for a substantial share of water withdrawals, and this dependence is especially pronounced in river 
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systems such as the Shu, where natural runoff is strongly seasonal. What makes the situation more complex 
is the mismatch between water availability and agricultural demand. Peak river discharge typically occurs in 
late spring or early summer, whereas irrigation demand extends throughout the growing season. This temporal 
imbalance requires careful regulation and often leads to competition for water resources, particularly under 
conditions of reduced snow accumulation or altered melt timing.

In the context of Central Asia, several studies have emphasized the strong dependence of hydrological 
regimes on chyospheric processes, including snow accumulation and melt dynamics. These processes are 
particularly important for transboundary river basins, where upstream conditions directly affect downstream 
water availability and allocation. However, most existing studies tend to address either snow processes in 
mountainous regions or ET in agricultural areas, often within separate analytical frameworks. As a result, the 
linkage between upstream snow dynamics and downstream water consumption remains insufficiently quan-
tified, especially at the sub-basin scale (Gascoin et al., 2020). This gap is particularly relevant for relatively 
small and heterogeneous catchments such as the Kuragaty sub-basin, where local topographic and climatic 
variability can lead to significant deviations from broader regional patterns (Kaliyeva et al., 2021).

In mountain-fed river systems, seasonal snow cover functions as a temporary water reservoir. During 
winter, precipitation is stored in solid form at higher elevations, and its gradual release during spring play a 
critical role in sustaining downstream flows (Koshim et al., 2026). In the Shu Basin, snowmelt contributes 
a major portion of annual runoff, especially in tributaries originating from elevations above 1000 m (Safina, 
2023). The timing of snowmelt is as important as its magnitude. Early melting can shift peak flows forward, 
reducing water availability during the later stages of the growing season. Conversely, delayed melt may sup-
port more stable discharge into early summer. These dynamics directly affect irrigation scheduling, reservoir 
operation, and overall water allocation strategies. Recent observations across Central Asia indicate that snow 
is becoming increasingly variable, both in extend and duration. Warmer winters, changes in precipitations 
phase, and earlier onset of melt have been reported in several parts of the Tien Shan. Although the magnitude 
of these changes varies locally, the general tendency suggests a gradual reduction in the reliability of snow-de-
rived water resources. For regions such as the Kuragaty basin, where agricultural productivity depends on 
predictable water supply, even moderate shifts in snow dynamics can have noticeable consequences. Under-
standing these relationships at a basin scale remains an important but still insufficiently explored task.

The present study aims to explore the relationship between snow cover dynamics and water avail-
ability during the growing season in the Kuragaty sub-basin. Unlike many previous assessments, the analysis 
combines high-resolution snow mapping with field-scale ET estimates and in-situ hydrological observations. 
The specific objectives are as follows:

1. to quantify spatial and temporal variability of snow cover above 1000 m using Sentinel-2 data for
the period 2018-2025;

2. to estimate actual ET in irrigated areas using the METRIC model based on Landsat imagery;
3. to evaluate the statistical relationship between snow cover extend and ET during the growing season;
4. to access the implications of these relationships for water management in a transboundary context.
The practical relevance of this work lies in its potential support more informed decision-making in

irrigation planning and water allocation. By linking mountain snow conditions with downstream water use, 
study provides a clearer picture of how natural and managed components of the hydrological cycle interact. 
This is particularly important in the context of increasing climate variability, where traditional assumptions 
about water availability may no longer hold.

Materials and methods.
Study Area
The study area focuses on the Kuragaty sub-basin, located in the southern part of Kazakhstan within 

the Shu river basin. The basin originates on the northern slopes of the Kyrgyz Alatau, forming a typical moun-
tain-plain system where hydrological processes are strongly controlled by elevation. The total catchment area 
is approximately 9 600 km2, with majority situated within Kazakhstan and a smaller portion extending into 
Kyrgyzstan (Safina, 2023)(figure 1).
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Fig. 1.  Location of Kuragaty Sub-basin

Elevation ranges from below 400 m in the downstream plains to over 4 500 m in the mountainous 
headwaters. This pronounced gradient results in distinct climatic and hydrological zones. Snow accumula-
tion occurs primarily in areas above 1 000 m, where winter temperatures remain consistently below freezing. 
These high-altitude zones act as the main source of seasonal runoff (Li et al., 2020)precipitation (P.

Downstream areas are dominated by agricultural fields, where water demand peaks during the growing 
season (May-September). River discharge in this period is largely dependent on the timing and intensity of 
snowmelt, making the basin suitable for analyzing snow-water-agriculture interactions (Adenova et al., 2024)
Central Asia (CA. 

Data Sources
DEM. Topographic characteristics of the basin were derived from the NASADEM dataset with a spa-

tial resolution of 30 m (figure 2). This dataset represents an improved version of the original SRTM model, 
with reduced voids and enhanced vertical accuracy (Chen et al., 2026).

Fig. 2.  3D Digital Elevation Model (DEM) of the Kuragaty Sub-basin with elevation profile from the minimum (407 m) to maximum (4418 m) 
points and a baseline at 1000 m indicating the zone for snow cover analysis

The DEM was used to delineate the basin boundary, derive elevation zones, generate a mask for areas 
above 1000 m representing the primary snow accumulation zone, and support terrain-related corrections in 
the METRIC model.

The elevation threshold of 1 000 m was selected based on regional climatic conditions, where per-
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sistent seasonal snow cover is typically observed above this level.
Snow Cover. Snow cover dynamics were assessed using Sentinel-2 Level-2A surface reflectance im-

agery for the period 2018-2025, focusing on the cold season (November-May). The spatial resolution of 10 m 
allowed for relatively detailed representation of snow distribution in mountainous terrain (Yang et al., 2026).

Snow detection was based on the Normalized Difference Snow Index (NDSI), calculated as (1):

 (1)

where the green band (B03) and shortwave infrared band (B11) were used. A threshold value of NDSI 
≥ 0.4 was applied to classify snow-covered pixels. The threshold is commonly used in mountainous environ-
ments and provides a reasonable balance between omission and commission errors.

Cloud and shadow contamination were addressed using the Sentinel-2 Scene Classification Layer 
(SCL). Pixels identified as clouds, cloud shadows, or cirrus were excluded from analysis. And the same time, 
pixels classified as snow/ice were retained, even in cases of partial cloud probability, to avoid excessive mask-
ing of valid snow observations.

To reduce noise and improve temporal consistency, monthly composites were generated by aggregat-
ing all available cloud-free observations within each month and calculating the median NDSI value per pixel. 
The use of the median, rather than the mean, helped to limit the influence of outliers and residual atmospheric 
effects (Ma & Zhang, 2022).

Final snow cover statistics were calculated as the percentage of snow-covered area within the elevation 
zone above 1 000 m (figure 3).

a) b)
Fig. 3.  Sentinel-2 scene (18 March 2025) showing: (a) RGB composite; (b) NDSI used for snow cover detection

Evapotranspiration Estimation. Actual ET was estimated using the METRIC (Mapping Evapotrans-
piration at High Resolution with Internalized Calibration) model applied to Landsat imagery. The method is 
based on the surface energy balance approach where ET is derived as the residual term (Kumar & Hamouda, 
2025)(2):

(2)

Where Rn is net radiation, G is soil heat flux, and H is sensible heat flux.
Landsat 7 and Landsat 8 data were used due to their availability of both multispectral and thermal 

bands. The spatial resolution of 30 m enabled analysis at the field scale, which particularly important in het-
erogeneous agricultural landscapes (Allen et al., 2007) (figure A1).

The METRIC workflow included the following steps (figure 4):
1. calculation of surface reflectance-based indices (e.g., NDVI, albedo);
2. estimation of land surface temperature from thermal bands;
3. identification of hot and cold pixels for internal calibration;
4. computation of sensible and latent heat flux;
5. derivation of daily ET values.
Meteorological data required for the model (air temperature, humidity, wind speed, solar radiation)

were obtained from available regional datasets and used to calculate reference evapotranspiration (ETr) (figure 
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A2).
To focus on agricultural water use, a cropland mask applied, excluding non-agricultural land cover 

types. ET values were then summarized as mean and maximum daily values for each month during the grow-
ing season (May-September).

Because of the 16-day revisit time of Landsat and occasional cloud cover, ET time series are not con-
tinuous. However, the available observations are sufficient to capture seasonal patterns and interannual vari-
ability (Singh & Senay, 2015)Surface Energy Balance Algorithm for Land (SEBAL.

Hydrological data. Hydrological response of the basin was assessed using discharge and water level 
data from Kazhydromet monitoring network. Observations from the Merke (Zimovye Ulbutuy) gauging sta-
tion were used, as this station reflects flow conditions influenced by upstream snowmelt. 

Monthly averages of discharge (m3/s) and water level were calculated for the study period. These 
data provide an independent reference for evaluating how snow dynamics translate into river flow during the 
growing season.

Data analysis. The analysis focused on identifying relationship between snow cover, ET, and river 
discharge over the period 2018–2025.

The following steps were applied:
1. calculation of monthly climatologies (mean and standard deviation) for snow cover, ET and dis-

charge;
2. estimation of seasonal metrics, including mean snow cover (March-April) and total ET (May-Sep-

tember);
3. construction of a correlation matrix including key variables (snow, ET, discharge) to explore inter-

dependencies.
Given the relatively short time series (n=8 years), the statistical results were interpreted with caution. 

Emphasis was placed not only on significance levels but also on the strength and physical plausibility of ob-
served relationships.

Results.
Snow Cover Dynamics
Snow cover in the mountainous part of the Kuragaty sub-basin (1 000 m) shows a clear and repeatable 

seasonal pattern. In all analyzed years, snow accumulation begins in late autumn and research its maximum 
extent during the winter month months (figure 4). The highest average values were observed between Decem-
ber and February, when snow-covered area consistently exceeded 55 %, with December showing the latest 
mean value (59 ± 11.7 %). January and February exhibited comparable levels, although with slightly higher 
variability.

With the onset of spring, snow cover declines rapidly. By April, the mean snow-covered area decreases 
to approximately 27.6 ± 12.7 %, and by May it is reduced to less than 10 % (8.6 ± 4.4 %). This sharp transition 
reflects the dominant role of temperature-driven melting processes in the basin.

The spring snow index, defined as the average snow cover for March-April, reached a mean value of 
37 ± 8.2 % over the study period.

Fig. 4.  Spring snow cover extent 
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Seasonal Pattern of Evapotranspiration
ET over agricultural areas follows a distinct seasonal cycle aligned with crop development and irriga-

tion practices. Mean daily ET values increase rapidly at the beginning of the growing season, reaching 2.1 ± 
0.6 mm/day in May. The highest values are observed in June, when maximum daily ET peaks at 7.4 ± 1.2 mm/
day. This period corresponds to both favorable climatic conditions and active irrigation.

After June, ET gradually decreases toward the end of the growing season. By September, mean daily 
ET drops to 0.84 ± 0.18 mm/day, reflecting reduced crop activity and lower evaporative demand.

The total ET for the growing season (May-September) averages 214.4 ± 24.2 mm (figure 5) (table 1).

Fig. 5.  Cropland-masked daily ET (METRIC, 3 July 2025)

Table 1 – Seasonal ET totals (May-Sep) per year (mm). (Computed from monthly mean daily ET * 
calendar days)

Year Seasonal ET total (mm)
2018 245.12
2019 219.2
2020 242.6
2021 190.3
2022 192.7
2023 180.6
2024 224
2025 221

River Discharge Characteristics
River discharge during the growing season shows moderate variability, with mean values of 4.26 ± 

1.34 m3/s. The highest flows are typically observed in early summer, coinciding with the period of active 
snowmelt (figure 6).
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Fig. 6.  Mean discharge During Growing Season (May-Sep)

Relationship Between Snow Cover and ET
The relationship between snow cover and ET is most evident at the beginning of the growing season. 

Statistical analysis indicates positive correlation between winter snow accumulation and early-season ET. 
In particular, December snow cover shows a correlation of r = 0.62 with mean ET in May (figure 7a), while 
March snow cover is correlated with June at r = 0.6 (figure 7b). Although these relationships do not reach 
conventional levels of statistical significance (p-values slightly above 0.05), they are consistent in direction 
and magnitude, suggesting a meaningful physical connection.

a)	 b)
Fig. 7.  Snow-ET correlation: (a) December vs May; (b) March vs June

These results indicate that years with greater snow accumulation tend to support higher ET during 
the early growing season. This pattern is likely related to increased water availability from snowmelt, which 
reduces constraints on irrigation supply during critical periods of crop development. At the same time, the 
relationship weakens when considering total seasonal ET (Nay-September), implying that factors such as irri-
gation management and water regulation may partially offset natural variability later in the season.

Snow-Discharge and Discharge-ET Relationship
The interaction between snow cover and river discharge reveals additional insights into basin-scale 

hydrological processes. A statistically significant negative correlation was observed between January snow 
cover and April discharge (r = -0.71, p = 0.047), suggesting that higher winter snow storage delays the release 
of water into the river system.

In contrast, a strong positive relationship was found between February snow cover and discharge in 
July (r = 0.78, p = 0.024), indicating that greater snow accumulation contributes to sustained flow later in the 
season.

The relationship between discharge and ET is moderate (figure 8). For the core summer period 
(June-August), mean discharge correlates with total ET at r = 0.59, p = 0.121. Although not statistically signif-
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icant, this relationship suggests that higher river flows tend to coincide with increased agricultural water use.

Fig. 8.  Jun-Aug Discharge vs Jun-Aug ET Total

Discussion.
The results obtained in this study indicate that snow cover dynamics play a noticeable role in shaping 

water availability in the Kuragaty sub-basin, although this influence is not uniform throughout the growing 
season. The clearest relationship is observed at the beginning of the agricultural period, when snowmelt con-
tributes to the initial water supply.

Moderate positive correlations between winter–spring snow cover and evapotranspiration in May–
June (r ≈ 0.60–0.62) suggest that years with higher snow accumulation tend to support increased water use 
during early crop development. This is physically consistent with the hydrological regime of mountain-fed 
basins, where snowmelt forms the primary source of runoff in late spring and early summer. Similar patterns 
have been reported for the Tien Shan region, where snowpack is a key control on seasonal water availability 
and irrigation supply.

At the same time, the relationship weakens when moving from early-season to total seasonal evapo-
transpiration. The absence of a strong correlation between snow cover and cumulative ET for May–September 
indicates that snowmelt alone does not determine water consumption over the entire growing period. This can 
be explained by the increasing role of vegetation development and atmospheric demand, as well as irrigation 
practices. In irrigated systems, evapotranspiration is not only limited by natural water availability but also 
regulated through water distribution infrastructure, which can partly compensate for interannual variability in 
snowmelt.

The analysis of snow–discharge relationships provides additional insight into the timing of water avail-
ability. The negative correlation between January snow cover and April discharge (r = −0.71) suggests that 
higher snow accumulation delays melt processes and shifts runoff generation toward later periods. In contrast, 
the strong positive relationship between February snow cover and July discharge (r = 0.78) indicates that 
years with greater snow storage tend to sustain higher flows during the peak irrigation season. This delayed 
contribution of snowmelt appears to be an important mechanism for maintaining water availability in summer.

The relationship between discharge and evapotranspiration is weaker (r ≈ 0.59 for June–August) and 
not statistically significant, which reflects the regulated nature of water use in the basin. Even under varying 
river discharge conditions, agricultural water consumption remains relatively stable, likely due to irrigation 
management and redistribution of water resources. This supports the interpretation that evapotranspiration 
represents an integrated response of both natural processes and human-controlled water use.

From a methodological perspective, the combined use of Sentinel-2 and Landsat data allowed for a 
more detailed analysis compared to coarser-resolution datasets. At the same time, several limitations should be 
taken into account. Snow detection based on optical imagery is affected by cloud cover and may underestimate 
snow extent in forested areas. The temporal resolution of Landsat limits the continuity of evapotranspiration 
estimates, particularly during cloudy periods. In addition, hydrological observations are point-based and may 
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not fully capture spatial variability across the basin. Irrigation practices, which were not explicitly included 
in the analysis, can further modify the relationship between natural water supply and observed evapotranspi-
ration.

Overall, the results suggest that snow cover acts as an initial control on water availability, particularly 
at the beginning of the growing season, while its influence becomes less direct later in the season due to the 
increasing role of climatic and management factors. In the context of the transboundary Shu basin, where up-
stream processes in Kyrgyzstan affect downstream water use in Kazakhstan, understanding these interactions 
is especially important for improving water allocation and irrigation planning.

Conclusion.
The analysis carried out in this study shows that snow cover remains an important component of the 

hydrological system in the Kuragaty sub-basin, primarily influencing water availability at the beginning of the 
growing season. The obtained results indicate that higher snow accumulation during winter and early spring is 
generally associated with increased evapotranspiration in May–June, which reflects the contribution of snow-
melt to irrigation water supply during the initial stages of crop development.

At the same time, this influence becomes less evident when considering the entire growing season. 
The weak relationship between snow cover and total seasonal evapotranspiration suggests that water use in 
agricultural areas is not controlled by natural factors alone. As the season progresses, vegetation dynamics, at-
mospheric demand, and irrigation management increasingly determine evapotranspiration patterns, reducing 
the direct effect of snowmelt.

The relationship between snow cover and river discharge further highlights the role of snowpack in 
regulating both the timing and availability of water resources. Higher snow accumulation tends to delay melt 
processes in early spring while supporting more stable river flow during the summer period. This behavior 
confirms the function of snow as a natural storage component within the basin.

Several methodological limitations should be taken into account when interpreting these results. Snow 
detection based on optical satellite data is affected by cloud cover and may lead to underestimation of snow 
extent, particularly in areas with forest cover. The temporal resolution of Landsat imagery limits the continuity 
of evapotranspiration estimates, especially during periods with frequent cloudiness. In addition, hydrological 
observations are based on point measurements and may not fully represent spatial variability across the basin. 
Irrigation practices, which were not explicitly included in the analysis, can further influence the relationship 
between natural water availability and observed evapotranspiration.

Despite these limitations, the combined use of satellite and ground-based data provides a consistent 
framework for analyzing interactions between snow cover, river discharge, and agricultural water use. The re-
sults highlight the importance of considering snow conditions as an early indicator of water availability, while 
also emphasizing the need to account for human-controlled processes in water management. In the context 
of the transboundary Shu basin, improved integration of upstream and downstream data could support more 
effective irrigation planning and water allocation under conditions of increasing interannual variability.	
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