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ASSESSING WATER LEVEL VARIABILITY IN THE ZHAIYK (URAL)
RIVER BASIN USING GRACE SATELLITE GRAVIMETRY
AND HYDROLOGICAL OBSERVATIONS

Precise monitoring of surface water storage dynamics is crucial for effective water resource manage-
ment and comprehension of local hydrological processes. This study examines the correlation between
fluctuations in water levels in the Zhaiyk River Basin (Ural) and anomalies in overland water storage
derived from the Gravity Recovery and Climate Experiment (GRACE) satellite gravimetry.

We assess the degree of the satellite-in situ measurement correlation using long-term hydrological
observations and GRACE equivalent water thickness data. With a coefficient of determination (R?) of
0.7459, the results show a noteworthy positive correlation, indicating that GRACE data capture regional
large-scale hydrological changes. Nevertheless, the study also highlights the coarse spatial resolution of
GRACE, which limits its ability to detect local water level fluctuations. GRACE continues to be an invalu-
able instrument for evaluating the dynamics of long-term water storage and its underlying factors, such
as precipitation, evapotranspiration, and anthropogenic influences.

Future research should investigate the feasibility of integrating GRACE with hydrological models
and higher-resolution remote sensing products to enhance the precision of monitoring and broaden the
scope of satellite gravity’s application in regional water resources assessment.

Key words: gravimetry, water level, Zhaiyk, Ural, Kazakhstan, GRACE, Kazhydromet, gauging sta-
tion.
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['peic cnyTHUKTIK rPaBUMETPHUSICbIH YKdHE TMAPOAOTUSIAbIK GaKblAayAapAbI
naiAasaHa otbipbin, Xaribik (Opana) e3eHi 6acceiHiHAeri
CY AeHreiiHiH e3repmMeAiAirin 6araay

Cy pecypcTapblH TUiMAI 6ackapy >KoHe >KepriAikTi MrMAPOAOTUSIAbIK, MPOLECTEPAI TYCIHY YLUiH
>Kep YCTi CyAapblH CakTay AMHaMMKacbiH HaKTbl 6akbiAdy eTe MaHbi3Abl. ByA 3eptTey XKaiibik e3eHi
anabbiHAarbl (KaibIk) cy AHremiHiH aybITKybl MeH [paBUTaLMSAHbI KAATIbIHA KEATIPY XKOHE KAMMATTbIK,
skcnepumeHT (GRACE) cnyTHMKTIK rpaBUMMETPUSCbIHAH aAbIHFAH >Xep YCTi Cy KOWMMaAapblHAAFbI
aybITKYAAp apacbiHAAFbl KOPPeAsumsHbl 3epTTerai. bi3 y3ak Mep3imMAi rMAPOAOTUSIAbIK, GakblAayAap
meH GRACE 3KBMBAAEHTTI Cy KaAbIHAbIFbl AepeKTepiH naaasaHa OTbIPbIN, >KepCcepikTiK >KepAeri
OALLEY KOPPEASALMACHIHBIH, ABPEXECIH GaFaraiiMbi3.

AeTtepmuHaumsa  koappumumeHTtimeH (R2) 0,7459, Hotmxkeanep GRACE aepekTepi aniMakTbIk,
ayKbIMAbI TMAPOAOTUSIABIK, ©3repiCTEPAI KaMTUTbIHbIH KOPCETETIH Ha3ap ayAQpPapAbIK, OH KOPPEASLMSHDI
KepceTeai. AereHmeH, 3epTTey coHbiMeH kaTap GRACE-TiH Aepeki KeHICTIKTIK pyKcaTblH KepceTeai,
OGYA OHbIH CYy AEHremiHiH >KepriAikTi aybITKyAapbiH aHbIKTay MyMKiHAIMH wekTeiral. GRACE y3ak
MEP3iMAI CyAbl CaKTay AMHAMMKACbIH >KOHE >KayblH-luallblH, GyAaHy >XKOHE aHTPOMOreHAIK acepAep
CUSIKTbI OHbIH, Heri3ri (pakTopAapbiH GaFrarayAblH OarFa >keTrnec KypaAbl GOAbIMN KaAa 6epeai.

Boaaluak, 3epTTeyAep MOHUTOPUHI ABAAITIH apTThIPY XX8He aiMaKTbIK, Cy pecypcTapbiH 6ararayAa
JKepCepikTiK TapTbIAbIC KYLIiH KOAAQHY aSCblH KEHENTY YLiH TMAPOAOTUSAbIK, MOAEABAEPMEH >KOHEe
SKOFapbl aXXbIPATbIMABIAbIFbI 6ap KalbIKTbIKTAH 30HATAy eHimaepiMeH GRACE uHTerpaumsicbiHbiH,
OPbIHABIABIFbIH 3€pTTeYyi Kepek.

Tyiiin ce3aep: rpaBumeTpus, cy aeHreni, Xaibik, Opaa, GRACE, eAlley cTaHUMSIChI.
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OueHkKa MU3MEeHYMBOCTU YPOBHS BOABI B 6acceriHe peku XKaiibik (Ypaa)
C MCMOAb30BAaHUEM AAHHbIX cnyTHUKOBOM rpaBumeTpun GRACE
M TMAPOAOTMUYECKMX HabAIOAEHUI

TOYHBIA MOHUTOPUHI AMHAMMKM 3aracoB MOBEPXHOCTHbIX BOA MMeEEeT pellaiolee 3HaveHue AAS
3(P(PEKTUBHOrO ynpaBAEHUS BOAHBIMW pecypcaMu M MOHUMAHUS AOKAAbHBIX TMAPOAOrMYECKMX MPO-
LLeCCOB. B 3TOM MCCAEAOBAHMM M3YUAETCS KOPPEAILIMS MEKAY KOAEHAHMSIMIN YPOBHS BOABI B GaccerHe
peku XKarbik (Ypaa) 1 aHOMaAMSAMM B 3aracax BOAbI Ha CyLLe, MOAYYEHHbIMW C MOMOLLbIO CMYTHUKOBOM
rpasumetpun Gravity Recovery and Climate Experiment (GRACE). Mbl oueHMBaeM cTerneHb KOppeAs-
LMK CMYTHUKOBBIX M HATYPHbIX M3MEPEHNIA, UCTMOAb3Y$Sl AOATOCPOUHbIE TMAPOAOTMYECKME HABAIOAEHMS
M AaHHble 00 3KBMBaAeHTHOM ToAwwmHe Boabl GRACE.

[Mpu koadpprumeHTe aoetepmmHaumm (R?) 0,7459 pesyAbTaTbl MOKA3bIBAOT 3aCAY>XKMBAIOLLYIO BHU-
MaHW$ NMOAOXKMTEABHYIO KOPPEASLIMIO, UTO YKa3blBaeT Ha To, 4YTo AaHHble GRACE dmkcmpytoT perm-
OHAAbHble KPYMHOMACLLTAOHbIE TMAPOAOTMYECKME U3MEHEHUS. TeM He MeHee, MCCAeAOBaHME TakxKe
noavepkusaet rpyboe npoctpaHcteeHHoe paspetuere GRACE, uto orpaHuumBaeT ero crnoco6HoOCTb
06Hapy>KMBaTb AOKaAbHble kKoaebaHust ypoBHs BoAbl. GRACE ocTaércst 6ecteHHbIM MHCTPYMEHTOM AAS
OLEHKM AMHAMMKM AOATOCPOYHOIO 3arnaca BOAbl M €ro OCHOBHbIX (DakTOPOB, TakMX Kak OCaAKM, 3Baro-
TPaHCNMpaLMs U aHTPOMOreHHble BAMSHMS.

B GyAyLIMX UCCAEAOBAHMSIX CAEAYET M3YUnTb BO3MOXHOCTb MHTerpaumn GRACE ¢ ruapoaoruye-
CKUMM MOAEASIMU U MPOAYKTaMM AUCTAHLMOHHOIO 30HAMPOBaHMS C 6OAEe BbICOKMM paspelleHnem AAS
MOBBILLEHNST TOYHOCTM MOHUTOPMHIA U paclumpeHns cepbl NPUMEHEHNS CMTYTHUKOBOWM rpaBMUTaLLMM

NMpn oueHKe permMoHaAbHbIX BOAHbIX peCypCoB.

KaroueBble caoBa: rpaBumeTpus, ypoBeHb BoAbl, 2Kaiblk, Ypaa, GRACE, Kasrmapomet, ruapo-

NnocCrT.

Introduction

The Gravity Recovery and Climate Experi-
ment (GRACE) satellite mission has transformed
remote sensing of the Earth’s gravitational field,
providing unparalleled capabilities for monitoring
global water supplies. The Gravity Recovery and
Climate Experiment (GRACE) satellite mission of-
fers invaluable information about the Earth’s wa-
ter resources (Hasan et al., 2019). Currently, the
GRACE Follow-on (GRACE-FO), which began
in 2018, continues the legacy of its predecessor
(2002-2017). GRACE-FO monitors the movement
of water (groundwater, large lakes and rivers, soil
moisture, ice, and sea level) on the planet (Lander-
er et al., 2020). The mission measures changes in
the Earth’s gravitational field and produces month-
ly gravity maps containing information about
changes in water supplies (Gyawali et al., 2022).
Measurements of the Earth’s gravitational field can
reveal anomalies in the distribution of water mass-
es (Hasan & Tarhule, 2021; Lopez et al., 2020).
GRACE terrestrial water storage (TWS) data have
been extensively utilized to evaluate groundwater

depletion, significant hydrological alterations, and
variations in water balance.

Nevertheless, regional and local hydrologi-
cal investigations are restricted by the coarse
spatial resolution of GRACE data (~55-111 km).
To overcome this limitation, the spatial resolu-
tion of GRACE-based water storage estimates is
being enhanced by the application of statistical
downscaling methods and machine learning ap-
proaches. In hydrological research, it is crucial to
evaluate the attributes of different satellite plat-
forms utilized for water resource monitoring. The
following table compares GRACE, GRACE-FO,
and alternative satellite missions in terms of their
spatial and temporal resolution, as well as their
suitability for water balance and localized moni-
toring (Tab. 1).

Evaluation of regional and global changes in
water storage depends on GRACE and GRACE-FO,
particularly with relation to large-scale water bal-
ance. Nevertheless, especially in small and medium-
sized basins, their spatial resolution limits their use-
fulness for tracking local changes. Therefore, it is
relevant to integrate GRACE data with results from
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other satellite missions as SWOT, SMAP, and Sen-
tinel-1 since they offer improved geographical reso-
lution. Furthermore, combining satellite data with in

situ hydrological observations and machine learning
approaches could increase the accuracy and fore-
casting capacity of assessments of water resources.

Table 1 — Comparison of GRACE, GRACE-FO and other satellite missions for water monitoring

Platform Rfs[:)z;;i;:)n gs;g;’&gs:l l;:l{;?)gz Advantages / Limitations
GRACE ~100-300 km 30 days T()Siz:)lrz&g;er SI?;S:Iir:ss(()lAuéie();e,ji’l(;%azl:)overage, sensitive to significant
GRACE-FO | ~100-300 km 30 days Coflitli{lﬁl(ajt]iion ?écglc;iggliin;tgflggtzsz,)higher accuracy, data continuity
swor | 10-00m | o | Notriowl - lish lulon s o sl o and ks
SMAP 115; llirrrrll((ssog%) 23 days 232;1?5;;2, le:ta;;fez\g?i;)time, high detail in soil moisture (Colliander
T R e —

According to publications, using GRACE satel-
lites to assess hydrological changes in river basins
is an established methodology. Thus, in the Colo-
rado Basin, GRACE was utilized to analyze long-
term changes in water storage, encompassing both
groundwater and reservoirs (Scanlon et al., 2015).
GRACE was used to estimate river runoff and
forecast floods in the Amazon and Ganges (Blue
Water Intelligence, 2024). In the CONUS (USA),
GRACE data were integrated with hydrological
models for water management (Mohanasundaram
etal., 2021).

GRACE has been effectively utilized in multiple
studies to evaluate groundwater variations in arid
and semi-arid regions of Iran. In West Azerbaijan
Province, analyses of groundwater storage changes
using GRACE and CHIRPS have indicated a consis-
tent decrease in water levels since 2008, attributed to
reduced precipitation and increased water extraction
(Mehdi et al., 2021). The correlation between satel-
lite and groundwater data was 86-97%, confirming
the effectiveness of GRACE even for basins smaller
than 200,000 km?.

Northern China: In the Hai River Basin (318,866
km?), GRACE data showed good agreement with
groundwater measurements (R=0.82), especially in
the seasonal cycle (Moiwo et al., 2009). This con-
firms the suitability of GRACE for monitoring water
resources in medium-sized semi-arid basins. India:
In the northern states of India (Radjastan, Punjab,
Haryana), GRACE has been used to detect ground-
water depletion caused by both climate and anthro-
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pogenic factors. Other studies have found high cor-
relations between GRACE data and groundwater
observations even in conditions of a limited hydro-
logical network. Morocco and North Africa: In Mo-
rocco, where drought is a significant issue, GRACE
has been utilized to evaluate changes in water stor-
age in basins smaller than 150,000 km? (Hamou-Ali
et al., 2025). The use of downscaling techniques
has allowed the spatial resolution of the data to be
increased to 1 km, which is critical for small and
medium-sized basins.

Several studies on the application of GRACE
to major river basins, including the Amazon (Cui
et al., 2020), Mississippi (Ren et al., 2023), and the
Ganges (Ahi & Cekim, 2021), have been conducted.
However, little is known about its applicability for
medium-sized, semi-arid basins such as the Zhaiyk
(Ural). Moreover, earlier studies have primarily
focused on total water storage anomalies (TWSA)
rather than establishing clear connections between
GRACE-derived changes and in situ hydrological
data. Using an analysis of the relationship between
GRACE-derived water equivalent thickness (WET)
and in situ water level measurements, the present
work attempts to close this disparity (Awange et al.,
2008).

The authors of the Zhaiyk paper adapted this
methodology to a new region, highlighting its limi-
tations (low spatial resolution), which is consistent
with the findings of other studies. Their contribu-
tion is applying the approach to a specific region
(Kazakhstan) and assessing the correlation between
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satellite and ground-based data for local conditions.
River Zhaiyk is a vital source of drinking water,
supporting agricultural and industrial potential and
maintaining the balance of the ecosystem in the
adjacent areas. In recent decades, climate change,
increased anthropogenic load, and water resource
shortages have been observed, necessitating the de-
velopment of modern methods for monitoring and
managing these resources. The observed climate
fluctuations and uneven changes make it difficult to
predict the river’s water content and manage water-
related consequences.

The distribution of water mass is directly affect-
ed by climate, and an increase in surface tempera-
ture impacts the amount of precipitation in liquid
form, and in mountains, the area and period of solid
precipitation are reduced (Kasrugpomer, 2023). In
recent years, extreme changes in water level have
been observed in the Republic of Kazakhstan. Max-
imum water levels are recorded in the valleys of
large and medium-sized rivers of the Zhaiyk (Ural),
Tobol, Torgai, Yesil, and Yertis, their tributaries
(Plekhanov P.A. et al., 2019). For a long time, the
situation has been complicated along the Zhaiyk
(Ural) river in West Kazakhstan and Atyrau regions
(ITnexanos, 2017).

The main objective of this study is to evaluate
the relationship of in-situ water level data in the
Zhaiyk River Basin with GRACE-derived water
storage variations.

A study conducted by Kazakhstani scientists
during the period of spring ice processes on the
Zhaiyk River (Ural) based on long-term observa-
tions (1937-2020) revealed significant changes in
the ice regime caused by climate change and anthro-
pogenic factors. It was found that the river breakup
and the onset of ice drift shifted towards earlier dates
by 13—18 and 9-12 days, respectively, especially in
the southern sections of the channel, while the dura-
tion of spring ice phenomena increased from 46 to
10 days. The increase in the frequency of ice jams
observed since the end of the 20th century indicates
an increase in hydrological risks caused by a longer
and more unstable period of ice breakup. The results
obtained emphasize the need to consider the chang-
ing ice regime in regional water resources manage-
ment and emergency response planning (Kisebaev
etal., 2022).

Methods

The Ural (Zhaiyk), the third longest in Europe
(2428 km), is a transboundary river (Fig. 1). The up-

per and middle parts of the basin are located on the
territory of the Russian Federation, and the lower,
1084 km long, passes through the Republic of Ka-
zakhstan, discharging into the Caspian Sea in the
surroundings of the Atyrau city (Abiev et al., 2021).
The river meanders through flat, semi-desert land-
scapes until it reaches the Caspian Sea (Eremkina &
Yarushina, 2022).

The Zhaiyk River basin (Ural) is character-
ized by a height difference of about 600 meters
(from 637 m above sea level at the source to 26
m at the downstream). The average height of the
catchment is 186 m. The valley of the ancient river
1s filled with loose alluvial sediments, the thick-
ness of which reaches tens of meters in some areas.
The Zhaiyk (Ural) River basin has a continental
climate. The average annual air temperature fluc-
tuates around 4.9°C, and in the delta, it drops to
-9.1°C. Seasonal and daily temperature fluctua-
tions are significant.

The Zhaiyk (Ural) River is unique for its
length, making it one of the longest rivers in the
world, and for its high intra- and inter-annual flow
variability (Magrickij et al., 2018). In the 20th
century, the flow of the Zhaiyk (Ural) River was
altered due to the construction of artificial reser-
voirs and water intakes for industrial and domes-
tic purposes. Currently, there are seven reservoirs
in the basin. Along the main channel of the Urals,
there are the Verkhneuralskoye, Magnitogor-
skoye, and Iriklinskoye reservoirs, and on the
tributaries — Aktobe (Ilek River), Verkhne-Ku-
mak (Bolshoi Kumak), Kargalinskoye in Dzhak-
siya (Kargala River), and Chernovsky (Chernaya
River) (Tab. 2).

Water intake and regulation resulted in a de-
crease in flow of 1.2-1.3 km*® per year. In dry
years, the annual decline in flow reaches 2.2 km?.
The highest water level associated with the Zhaiyk
(Ural) River basin within Kazakhstan was observed
in 1942 (945 cm), 1957 (932 cm), and 1994 (853
cm). In 1993, the dam of the Aktobe reservoir burst,
affecting the Atyrau, West Kazakhstan, and Aktobe
regions. Excess water levels caused significant dam-
age in the West Kazakhstan region, as well as in the
city of Oral (Uralsk). The city of Uralsk is located
on the right bank of the middle reaches of the Zhaiyk
(Ural) River. A steppe plain and steep coastal ledges
characterize the territory. The territory in the area
between the city and the river is described as flat,
with heights from 19 to 93 m (an average of 34 m).
The Zhaiyk River turns south toward the Caspian
Lowland.
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Figure 1 — Study location: Zhaiyk (Ural) River basin

Table 2 — Basic information on the reservoirs

Reservoir Name Surface Area (km?) Year of Commissioning Country
Iriklinskoye 260 1966 Russia
Verkhneuralskoye 72 1960 Russia
Magnitogorskoye (Zavodskoy Pond) 334 1931 Russia
Kargalinskoye 28.5 1975 Kazakhstan
Verkhne-Kumak (Bolshoi Kumak) 12.7 1967 Russia
Chernovsky (Chernaya River) 4.55 1953 Russia

The study workflow illustrates the process of
analyzing the relationship between water level data
and GRACE satellite data (Gravity Recovery and
Climate Experiment) to assess hydrological varia-
tions in the Zhaiyk (Ural) River basin (Fig. 2).

Stage 1 — Data Preparation involves two types of
input data: daily water level data and GRACE data.
The daily water level values were extracted from
the Kazhydromet website for the Oral (Ural’sk)
gauging station (RGP «Kazgidromet», 2021). Daily
water level data (cm) are combined into monthly
averages to produce an aggregated water level and
GRACE data set (TCE). Water equivalent thick-
ness (cm) describes monthly average values from

112

GRACE satellite gravimetric measurements. Data is
recorded at irregular intervals, usually ranging from
one to three months. The data series in this article
covers the period from April 2002 to December
2021 to ensure equal coverage of the two measure-
ment methods specified. To obtain a homogeneous
time series, rows with missing values in water levels
were removed. Its monthly averages were also cal-
culated to align the period with the GRACE time
series, anomalous values were removed, resulting
in aggregated data (57 records) for analysis. WET,
measured in centimeters (cm), reflects the amount of
water stored in the ground compared to a reference
period.
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Figure 2 — Research Methodology
The research methodology consists of three main stages:

Stage 2 — correlation analysis combined set of
water levels and GRACE using Pearson and Spear-
man methods to assess potential relationships. Cor-
relation characteristics were obtained, indicating the
strength and direction of the relationship between
the two variables. Correlation analysis helps under-
stand the relationship between these variables, and
the linear regression model provides a quantitative
tool for validating satellite data.

Stage 3 — development and evaluation of the
model. A linear regression model was constructed
using water level as the independent variable and
GRACE data as the dependent variable. Model per-
formance is assessed using the coefficient of deter-
mination R

Results

To analyze the water level change, a time se-
ries of data points was obtained from the GRACE
satellite gravimetry pixel covering the city of Oral
(NASA JPL, 2024). Data on the water level (in cen-
timeters) of the Oral (Ural’sk) gauging station were
selected for comparative analysis (RGP «Kazgi-
dromet», 2021). The data series covers the period
from April 2002 to December 2021. Based on the

aggregated data, diagrams were constructed show-
ing changes in water levels in the study area (Fig. 3).

Figure 3 shows the water equivalent thickness
(WET), consisting of data from the GRACE and
GRACE-FO satellites. The data cover the area des-
ignated by coordinates 51.0N, 51.0E — 52.0N, 52.0E.
Positive WET values indicate more water than aver-
age, while negative values indicate less.

Main observational results from the WET time
series:

- in WET over 20 years, ranging from +14 cm
to -10 cm;

- there is a cyclical pattern of highs and lows
every 2-3 years;

- by 2010, WET values declined, with relatively
low values thereafter.

The water level in the Zhaiyk River (Ural) dur-
ing the observation period fluctuated between 8 cm
and 533 cm.

A seasonal pattern is evident in the time series,
with maximums occurring in the spring (March-
May) and minimums in the summer and autumn
months. This schedule corresponds to the hydro-
logical regime of water bodies, which has a direct
dependence on snowmelt, evaporation, and water
consumption.
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Figure 3 — Time series of water level (with trend line) and equivalent thickness

As a result of the analysis, we found a positive
correlation between water level and WET. This shows
that an increase in water equivalent thickness (positive
WET values) generally coincides with an increase in
water level in the Zhaiyk River (Ural). A Pearson coef-
ficient of 0.864 shows a strong positive linear correla-
tion between river water levels and GRACE data.

The Spearman coefficient of 0.806 also indi-
cates a strong positive correlation between river wa-
ter level and WET. A positive value confirms the
tendency for water levels to rise as GRACE water
equivalent thickness increases. A regression model
was constructed, and its metrics were calculated
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(Fig. 4). According to the obtained model, for every
1 cm increase in the water equivalent thickness, the
water level in the Zhaiyk River (Ural) increases by
an average of 178.73 cm.

The equation of the regression model is (1):

Y=17.324*x+178.73 (1)

Where Y — water level (cm), x — water equivalent
thickness, intercept is at 178.73 cm. The determina-
tion coefficient R?equals 0.7459. This linear regres-
sion model can be used to predict water levels from
GRACE data.

5 10 15 20

- 00 -
Water equivalent thickness, cm

Figure 4 — Scatterplot of water level data in the Zhaiyk River (Ural) and WET
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Figure 4 is a scatter plot that shows how the
water level in the Zhaiyk River changed over time,
compared to GRACE satellite gravity data (shown
as equivalent water thickness, WET) from 2002 to
2021. For a specific period (a month), each point
displays the water level and the corresponding WET
value. With a coefficient of determination of 0.7459,
changes in the equivalent water thickness from
GRACE measurements can explain about 74.6% of
the changes in water level. This indicates that mea-
surements made from space and those made on the
ground are closely linked in a straight line. However,
some deviations from the regression line, especially
at high WET values, show that other things may be
at play, such as local rainfall, runoff, economic ac-
tivity, or GRACE’s limited spatial resolution.

Discussion

One of the main limitations of the study is the
minimal geographic resolution of the GRACE data,
which limits its ability to capture localized hydro-
logical variations. GRACE is not suitable for high-
resolution monitoring of specific water bodies,
small streams, or local groundwater changes, al-
though it provides detailed information on changes
in large-scale water storage. To enhance the geo-
graphic specificity of hydrological assessments, this
limitation underscores the need to integrate GRACE
data with in situ observations or higher-resolution
remote sensing products. Despite these limitations,
the analysis of the equivalent water thickness time
series revealed long-term patterns and changes in
surface water storage in the Zhaiyk (Ural) River Ba-
sin over the past 20 years.

Among the causes of seasonal and interannual
oscillations in precipitation, evapotranspiration dy-
namics, human impacts, including agricultural water
extraction, and climate-induced changes in hydro-
logical cycles are those that interact with one anoth-
er. Improving regional water management planning
depends on understanding these components.

With an R-squared value of 0.7459, the re-
gression model revealed a clear positive correla-
tion between water levels and GRACE data. This
information suggests that about 74.59% of the
fluctuation in river water levels is attributable to
GRACE-derived water storage anomalies. Still, the
remaining 25.41% of the variance indicates a range
of hydrological processes generating water-level
variations, including short-term rainfall, uncon-
trolled water abstraction, and snowmelt dynamics.

This work demonstrates the capabilities and limita-
tions of satellite gravimetry in hydrological evalu-
ations, offering significant insights into the corre-
lation between river levels and GRACE-induced
storage anomalies. Future research should focus
on multi-sensor data fusion and advanced model-
ing techniques, including auxiliary datasets such
as machine learning approaches, climate reanalysis
products, or ground-based hydrological observa-
tions to improve the accuracy of validating satellite
data in the Zhaiyk River Basin (Ural) and related
areas.

While the primary motivation for this work was
to assess the potential relationship between GRACE
data and hydrological station data, it is vital to ac-
knowledge the limits in the temporal resolution of
GRACE observations.

Conclusion

This research demonstrated the potential of
GRACE satellite gravimetry data for monitoring and
assessing the relationship between satellite data and
water level in the Zhaiyk River basin (Ural). The
strong positive correlation between river water level
and water equivalent thickness (WET) demonstrates
the value of satellite gravimetry for understanding
hydrological processes.

The linear regression model obtained during the
study explains a significant part of the water level
variability. It also indicates the presence of other
factors such as precipitation, evaporation, and hu-
man activities. This is important considering several
reservoirs are in the upper part of the Zhaiyk River
basin (Ural).

The study’s analysis showed a significant rela-
tionship between river water levels and water equiv-
alent thickness (WET) parameters. It shows that
changes in water reserves, as measured by GRACE
satellite data, are interconnected with fluctuations in
water levels observed at the gauging station in Oral
(Ural’sk) city.

The study results have important implications
for water resource management in the Zhaiyk River
basin (Ural). Further integration of GRACE data
with ground-based observations will enable the de-
velopment of more accurate models incorporating
water levels and satellite data. However, given the
study’s limitations, further research is needed to
refine the model parameters and include other vari-
ables to analyze water level variability in the Zhaiyk
River basin (Ural). Also, machine learning methods
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can contribute to validating satellite data for aggre-
gating water levels.

The results showed that GRACE has the poten-
tial to predict river water levels. They emphasize the
importance of integrating diverse data sources and
modeling techniques to enhance the understanding
of hydrological processes and mitigate flood risks.

In this study, it is necessary to critically examine
several factors that may affect the reliability and in-
terpretation of the obtained results.

One of the key factors that can distort the re-
lationship between satellite and ground-based mea-
surements is the presence of large and medium-sized
reservoirs, as well as intensive economic activity in
the river basin. Flow regulation, water withdrawals
for agricultural and industrial needs, and the con-
struction of dams and canals change the natural
hydrological regime. This makes it challenging to
distinguish between climate and natural signals in
GRACE data and ground-based observations. In ad-
dition, evaporation from the surface of reservoirs,
especially in dry years, can significantly reduce the
amount of available water.

Comparable effects have been observed in re-
search carried out in other semi-arid regions.

A significant source of uncertainty arises from
the discrepancy in time intervals between GRACE
satellite data, which is presented as monthly aver-
ages, and ground-based hydrological observations,
typically recorded daily.

Even when reducing to a standard time step,
discrepancies may remain due to the different sensi-
tivities of the methods, delays in the river system’s
response to precipitation, water abstraction, or
snowmelt. These discrepancies can affect the mag-

nitude of the correlation coefficients and reduce the
accuracy of the constructed regression models.

The spatial resolution of GRACE (~100-300
km) itself limits the ability to assess local hydro-
logical processes. The use of one or more ground
stations (gauging posts) does not reflect the full
spatial heterogeneity of the basin. In addition, data
aggregation in time and space can smooth out ex-
treme values and hide significant local anomalies.
The GRACE processing method is also subject to
the “leakage effect”, in which the signal from neigh-
boring areas can distort the estimates within the ana-
lyzed basin, which increases the overall uncertainty
of the results.

These constraints, taken together, necessitate
a careful and critically confirmed method for in-
terpreting the acquired results. The integration of
GRACE with high-resolution hydrological models
is recommended to enhance dependability and sci-
entific rigor. The network of ground-based observa-
tions should be expanded, and techniques to adjust
for temporal and spatial mismatches between differ-
ent data sources should be employed. Such actions
will ensure more consistent regional management
decisions and significantly enhance the accuracy of
water resource evaluations.
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