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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 upto 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 0f 4.26 + 1.34 m?/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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AnHotanusi. OpTanblK A3usaga BereTalusyIblK KE3eHJErl Cy TamlIbUIBIFBl CyapMalbl aybll
IapyamnIbUIBIFB YIIIH HET13T1 eKTeyI (haKTopIapbIHbIH 0ipl 00BN Kata OepeIi, acipece cy pecypcTapblHbIH
KOJDKETIMIUTIT] Taysbl aiMaKTapJarkl KapJblH KUHATYbl MEH €py YpIICTepiHe TOyesl TpaHCIIEKapaIbIK
e3eH ankanrtapbeiHaa Oaiikananel. byn 3eprrey llly Oaccelininin KyparaTel cy0-0acceliHiHIe MayChIMJIBIK
Kap KaMbUIFBICH ITMHAMUKACBIHBIH CYP PECYpPCTapBIHBIH KOJDKETIMJIUIITIHE ocepiH Oaranayra OaFbITTalIFaH.
Kazakctan meH KpIpFbi3 pecnyOiuKachl ayMmarbliHIQ OpHAJTacKaH TOMEHT1 aFbic OemiriHaeri aybll
IapyamnIbUIbIFBl JKepJIepiHe epeKIle Ha3ap ayJapa OTHIPHII, Kap KaMbUIFBICBIHBIH JUHaMHKachl 2018-2025
KBUIIAp apalbIFbIHAA Kapalla-Mamblp Ke3eHiHnae TeHi3 AeHreiineH 1000 mjaeH sxorapbl ayMakTap YIIiH
Sentinel-2 cryTHUKTIK JepeKTepl HETi3iHIe, MIEKTI MOHJEPre HETi3[eNreH KapAbl aHbIKTAy OJICIH KoJaa-
HY apKbUIbl aHBIKTANbL. AYbUI IIapyallbUIBIFBI alKaNTapblHAAFbl dBanoTpancnupanus Landsat nepexrepi
Heri3iHe PHeprusl TeHrepiMi MOJeNiH NaiianaHy apKbUIbl OaralaHAbl, al THIAPOMETPUSIIBIK CTaHIUsIIap-
JIaFbl ©3€H aFbIHBIHBIH JePeKTepl TUIPOIOTHSIIBIK KayanThl CUNATTay YIIIH KOMAaHbUIAbl. HoTmxkenep xap
KaMBUTFBICBIHBIH MayChIMJIBIK TYPaKThl 3aHJIBUIBIFBIH KOPCETT1, OHBIH €H >KOFapbl MOH/EP]1 KbIC ME3TLTiHAe
(>kenTOKCaH-aKIMaH) OaiKaaaabl, MYH/Ia opTalia KepceTkimrep 55 %-/1aH achlI, )KeNTOKCaH aibiHaa 59 + 11.7
%-ra xxereni. KexTtemae Kap jkaMbUIFBICHI JKBUIIAM a3aiibll, coyip abiHaa 27.6 £ 12.7 %-fa neitin ToMeH-
neini sxkone MaMmblp aiibiaaa 10 %-nan temen 6onanasl. KekreMri Kap nHAeKcl (HayphI3-coyip) opTa ecenrex
37 £+ 8.2 % Kyparl, *KbUI1Iap apachbIHAaFbl ©3TEPTilITIKTIH )KOFaphl JEHIeliH KopceTe/li. DBanoTpaHCIuPaIHs
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auKbIH MayCBIMIBIK IIUKJI OOWBIHIIIA ©3Tepll, MaMbIp avbiHAa 2.1 = 0.6 MM/TOYIIKKE OE€UIH apTaabl )KOHE
MaychIM aiibiHa 7.4 £ 1.2 MM/ToymiKKe JEHiHT1 eH KOFaphl MOHJEpre keTel. Beretanusibik ke3eHnaeri (Ma-
MBIP-KBIPKYHEK) JKMBIHTHIK dBaroTpaHcIupanus opra ecemnmeH 214.4 £ 24.2 MM Kypaiiabl. Ocel Ke3eH Ier1
©3€H aFbIHbI OpTAallla ©3rePrillTIKIIEH CUIIATTaNbII, opTaiia MoHe 4.26 + 1.34 M*/c Kypalisl, all eH KOFapFbl
arpIHIApP Ka3ablH OachiHIa Oalikananabl. KbICTBIH COHBI MEH KOKTEMHIH OachIHIaFbl Kap >KaMBUIFBICHI MEH
MaMBIP-MayChIM aiIapbIHAAFbl YBANIOTPAHCIIUPIIUS apachlHAa TYPaKThl OH OaiJlaHbIC aHBIKTAJIBI, OVJI Kap
epyi cyapy Ke3eHiHiH 0acTalyblHa Cy peCypCTapbIHbIH KalbIITaCybIHA YIIEC KOCAThIHBIH KopceTe 1. COHbIMEH
Karap, 9BaloTPaHCIHPAIUSHBIH ©3repici 6CIM/IIK )KaMbUIFBICHIHBIH JJaMYbl MEH aTMOC(hepaliblK CYPaHbICTHIH
apTybIHa J]a TOyemnai, Oy Kap TUHAMHUKACBIHBIH OacTarkbl, OipakK »Kaldfbl3 aHBIKTAyIIbl (DaKTOp eMeC €KEeHiH
kepcertei. JKanmel anFaHa, albIHFAH HOTHYKEJEP alalThIH CONTYCTIK OOMITiHIETI Cy pecypCTapblH TYPaKThI
KaMTaMachI3 eTy/Ie Tayibl ailMaKTapJarbl Kap *KaMbUIFBICBIHBIH MaHbI3IbUIBIFBIH aKbIHIANIbI KOHE KbUIIAP
apachIH/IaFbl O©3TEPTIilITIK KaFJaiibIHIa Cyapy/bl KOCTapiayblH KETUAIPY YIIiH MPaKTUKAIBIK HET13 YChIHA-
JTBL.
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AunHoTanusi. Jlepunur BOABI B BETreTAIMOHHBIA MEpPHOa OCTAa€TCSd OIHUM U3 OCHOBHBIX
OTpaHUYMBAIOIINUX (AKTOPOB I OPOIIAEMOTO CEIIbCKOTO XO03siiicTBa B LleHTpanbHOM A3WH, OCOOCHHO B
TPaHCTPAHWYHBIX PEUYHBIX OaccelHax, Iie BOJ000SCIIEYEHHOCTh 3aBUCUT OT HAKOTIJICHUS M TassHHSI CHE)KHOTO
MMOKPOBA B TOPHBIX palioHaXx. L{enpio0 JTaHHOTO MUCCIIeIOBAHUS SBIISICTCS OIEHKA BIIMSHUSA CE30HHOM TUHAMUKHI
CHEXXKHOTO TOKpOBa Ha BOJ000OECNEYeHHOCTh B cy0-Oacceiine Kyparatsl 6acceiina pexu Iy ¢ akueHTom



Ha CENIbCKOXO3SIICTBEHHbIE TEPPUTOPUN HIHKHETO TEUCHMSI, pacroiokeHHble B KazaxcTaHe u KbIprbI3CKOH
PecriyOnuke. /luHamuKka CHEXHOTO TIOKpOBa Oblila OMpeJeNieHa MO CIyTHUKOBBIM JaHHBIM Sentinel-2 s
tepputopuit Beitie 1000 M Haj ypoBHEM MOps 3a Iepuoj ¢ HosiOps mo mait (2018-2025 rr.) ¢ ucnons3oBa-
HHEM MOPOTOBOTO METO/A BBIECNIEHUS CHEera. DBalOTPAaHCIUPALIUI HAa CENbKOXO3SMCTBEHHBIX 3eMIISX Olle-
HUBaJach Mo JaHHbIM Landsat ¢ mpuMeHeHneM MOJIeIN PHEPreTUUECKOro 0anaHca, B TO BpeMs Kak JIaHHbIe
O PEYHOM CTOKE C TUIPOMETPUUYECKUX CTAHIIMNA HCIIOJIB30BAIUCH I XapaKTePUCTUKU THIPOJIOTUYECKOTO
OTKJIMKA. Pe3ynbpTaThl MOKA3bIBAIOT YCTOMYMBBIA CE30HHBIA XapaKTep U3MEHEHHUs! CHEKHOTO MOKPOBa, MPH
3TOM MaKCHUMaJbHOE 3HaUeHUe Ha0II01aeTcs 3uMoi (J1ekadpb-PeBpas), Te CpeiHUEe 3HAUCHUS TIPEBHIIIAI0T
55 % u nocturarot 59 + 11.7 % B nexabpe. BecHoil cHexHBIN MTOKPOB OBICTPO yMeHbIaeTcs 10 27.6 = 12.7%
B anpenie u Huxe 10 % B Mae. BeceHHmit cHexHBIN UHACKC (MapT-ampens) B cpeaHeM coctabisieT 37 £ 8.2 %
OTpa)kasi 3HAYUTEIbHYI0 MEKIOJI0OBYI0 U3MEHUMBOCTh. DBAMOTPAHCIIUPALIUS CIIEIYeT BBIPAXKEHHOMY CE30H-
HOMY ITMKITY, yBeTUunuBasich 10 2.1 £ 0.6 MM/cyT B Mae 1 JOCTUTas MUKOBBIX 3HaUeHui 10 7.4 + 1.2 MM/cyT B
utone. CymMMapHas 3BaroTpaHCIIUpaIMsl 3a BEreTallMOHHBIN Mepuo (Mail-CeHT0pb) B CPeTHEM COCTABIISIET
214.4 £+ 24.2 mM. PeuHO#1 CTOK B 3TOT NEPHUOJ XapaKTEPU3YETCsl YMEPEHHONW U3MEHYUBOCTBIO, CO CPEHUMU
3HaueHusMH 4.26 £ 1.34 M3/c ¥ MMKOBBIMH pacxoJaMH B Hadase JieTa. BeIsBICHA yCTOWYNBAS TIOJI0KUTEIb-
Hasl CBA3b MEX/Iy CHEKHBIM TTOKPOBOM B KOHIIE 3MMbI — Hayasle BECHBI U dBAaNlOTpaHCHHUpaIueil B Mae-HIoHe,
YTO CBHUJIETEIBCTBYET O BKJIAJIE TAIBIX BOJA B (hOPMUPOBAHUE BOAHBIX PECYPCOB B Hayase Mepruoia OpoLIeHUs.
B To ke BpeMst xapakTep 3BaloOTpaHCIUPAIMH OMPEIENIeTCsS TaKKe Pa3BUTHEM PACTUTEILHOCTH U POCTOM
arMoc(epHOro crpoca, 4To yKa3bIBaeT Ha TO, YTO TMWHAMUKA CHEKHOTO MTOKPOBA SIBJISIETCS Hauya bHBIM, HO HE
€IMHCTBEHHBIM OTpeeNsonuM (GakTopoM. B 11e10M nonydeHHble pe3ynbTaTsl MOAYEPKUBAIOT BAXKHYIO POJIb
TOPHOT'O CHEKHOTO MOKPOBa B 00ecledeHNH BOJHBIX PECYPCOB B CEBEpHON yacTu OacceliHa v (OPMUPYIOT
MPAKTUYECKYI0 OCHOBY JJIsSi COBEpPUICHCTBOBAHUS IUIAHUPOBAHMS OPOLICHHUS B YCJIOBHUSX MEXTOJIOBOM
M3MEHYUBOCTH.

KitoueBble cjioBa: TUCTaHIIMOHHOE 30HAUPOBaHME 3€MIIHM, CHEXXKHBIIN MOKPOB, SBANIOTPAHCIUPALINS,
6acceiin pexu Ly, monens METRIC, opomienue, BogoobecneueHHOCTh

s uurupoBanusi: Kymabait H.b., EruzbaeBa A.C., KoncrantunoBa K.B., bexmyxamenos
H.D. (2026). BausiHue CHEXXHOTO MOKPOBA HA BOJOOOECIEYCHHOCTh B TEYCHHE BETETAIIMOHHOTO TEPHOJA
(ma mpu-mepe cy0-6acceitna Kyparartel) // Research, results — I3penictep, Hotmwkenep — MccnenoBanus,
pesyabTathl. T. 28. Is. 3. Number 111. Pp. 147-159. https://doi.org/10.37884/3-2026/12 [In Eng.].

KoH(pIHKT HHTEPeCcOB: aBTOPHI 3asBISAIOT 00 OTCYTCTBUU KOH(MIIMKTa HHTEPECOB.

bnazooapnocme: Jlannoe uccedosanue 6vl10 npogunancuposano 3a cuem spanma Munucmepcmea
Hayku u evicuieco oopaszoeanus PK na nayunvle u (unu) nayuno-mexnuuecxkue npoexmst (Ne 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 runott 1s 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 km?, 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).

Kuragaty Sub-Basin Boundary —— DEM Elevation Profile

Min(407 m) — Max(4418 m)
Baseline (DEM 1000 m) 4B BEE b Aae s
Kilometer:

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 1s 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):

Green — SWIR

NDSI =
GREEN + SWIR (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).

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 R 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



A7),

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 (m%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.

Spring Snow Cover Extent (Mar-Apr Mean, >1000 m)

50 A

45

40 A

35 A

Spring snow cover extent (%)

25 A

2018 2019 2020 2021 2022 2023 2024 2025
Year

Fig. 4. Spring snow cover extent
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deasonal Fattern 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 4+ 24.2 mm (figure 5) (table 1).

Evapotranspiration
mm/day

. 5,88585

-

0 5 10
[ ™ (Cilometers.

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

December Snow vs May Mean ET

March Snow vs June Mean ET
r=0.622, p = 0.100

r=0.600, p=0.116

May mean ET (mm/day)
~
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N
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=

June mean ET (mm/day)
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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 atr=0.59, p=0.121. Although not statistically signif-
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1cant, this relationship suggests that higher river tlows tend to coincide with increased agricultural water use.

Jun-Aug Discharge vs Jun-Aug ET Total
r=0.594, p =0.121
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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 tully 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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