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We analysed variations in terrestrial water storage (TWS) over the Bug River Transboundary Catchment for the period
2012-2023. To do so, we utilized satellite gravimetry data from the Gravity Recovery and Climate Experiment (GRACE) mis-
sion, along with satellite and in situ components of the water balance (WB) approach, including precipitation,
evapotranspiration, and runoff. TWS anomalies and month-to-month changes in TWS (ATWS) derived from GRACE data
(TWS-GRACE/ATWS-GRACE) were compared with those from the water balance approach (TWS-WB/ATWS-WB) for the
study area. The results showed a good agreement between TWS-GRACE and TWS-WB, with an average coefficient of de-
termination of 0.77. This agreement is slightly stronger in the lowland areas and weaker in the upland regions. We also found
that this consistency decreases during the dry months (April to September). In the next step, we performed data assimilation
of GRACE and hydrometeorological data by applying a regression-based model. Our results demonstrated that such data fu-
sion effectively mitigates the uncertainties in TWS-GRACE related to its low spatial and temporal resolution, improving the
consistency between ATWS-GRACE and ATWS-WB, as shown by a reduction in root mean square error from 34.7 to 14.9
mm/month. The results revealed that between 2012 and 2023 the Bug River Basin faced alternating extreme decreases and
increases in TWS. Although the magnitude of the trends varied slightly over different periods, the overall region exhibited
negative trends in TWS changes, with an average rate of ~9 mm/year.
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INTRODUCTION sents the equilibrium between precipitation (P), water losses
through evapotranspiration (ET), streamflow (R), and changes

in TWS (ATWS). TWS is crucial for understanding the effects of

The Gravity Recovery and Climate Experiment (GRACE)
satellite mission and its successor GRACE Follow-On
(GRACE-FO; the GRACE and GRACE-FO missions will be col-
lectively referred to as “GRACE” hereafter) provided an unprec-
edented opportunity to track the global dynamics of cumulative
changes in terrestrial water storage (TWS) at a previously unat-
tainable level. This marked a breakthrough in monitoring the
continental phase of the water cycle (Tapley et al., 2019). TWS
from GRACE effectively closes the water balance, which repre-
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climate change and is recognized by the Global Climate Ob-
serving System (GCOS) as one of the essential climate vari-
ables.

An important aspect of regional TWS studies is the sensitiv-
ity of GRACE measurements to changes in water mass and the
associated spatial resolution. The effective spatial resolution of
GRACE satellite data for hydrology and hydrogeology remains
a topic of ongoing discussion (Frappart et al, 2018;
Vishwakarma et al., 2018). It depends on the size of the area,
but is also influenced by its physical-geographical characteris-
tics, the size of water resources in the region, and the magni-
tude of their variability. The spatial resolution of GRACE mea-
surements is generally estimated to be ~300 x 300 km (Tapley
et al., 2004; Wahr et al., 2004, 2006). The GRACE measure-
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ment sensitivity allows detection of water-height changes of
~1-2 cm over spatial scales of 300 km, which represents the
smallest native scale at which GRACE can resolve a mass
change signal. However, Lorenz et al. (2014) confirmed the
high detectability of TWS changes at smaller spatial scales
(<100,000 km?), if the observed variations have a strong sea-
sonal cycle. A study by Vishwakarma et al. (2018) showed that
GRACE can capture TWS changes over areas of ~63,000 km?,
while Tourian et al. (2018) indicated that such changes can be
observed even in areas of 52,000 km?.

At present, GRACE remains the only source of direct infor-
mation about TWS. However, the low spatial resolution of
GRACE products and periodic degradation in signal quality limit
their utility for monitoring the water cycle at regional scale
(Vishwakarma et al. 2018). Therefore, many recent studies uti-
lizing GRACE data for monitoring water resources address the
challenging topic of increasing the spatial resolution of GRACE
data (Rowlands et al., 2005; Miro and Famiglietti, 2018; Sun et
al., 2019; Vishwakarma et al., 2021; Zhong et al., 2021; Pascal
et al., 2022; Yin et al., 2022) or improving the measurements’
precision (Becker et al., 2011; Frappart et al., 2013; van Dijk et
al., 2014; Long et al., 2015; Chen et al., 2022).

In this study, we focused on improving TWS estimates by
combining observations of water balance (WB) components
and TWS derived from the GRACE mission. In the context of
the water balance, TWS change can be defined as ATWS =P —
ET — R, assuming 100% closure of the balance. Despite efforts
to achieve high-resolution global monitoring of the terrestrial
water cycle, significant challenges remain in providing physi-
cally consistent and accurate estimates of water balance com-
ponents. These challenges include the uncertainty in estimat-
ing individual components derived from different satellite sen-
sors and models, and the low spatial and temporal resolution of
available data (Sahoo et al., 2011). The primary reason for the
inability to perfectly close the water balance is that no single sat-
ellite sensor measures all water balance components simulta-
neously. Nevertheless, considering the availability of in-situ
measurements, there is potential to combine individual compo-
nent estimates into a physically consistent, comprehensive es-
timate of the water cycle balance.

A comparison of TWS estimates derived from the water bal-
ance approach and GRACE data generally indicates good
agreement between these two methods. Research conducted
on the ten largest river basins in the world (Sahoo et al., 2011),
for China (Long et al., 2015), and Africa (Hassan and Jin, 2016;
Nanteza et al., 2016) showed that the coefficient of determina-
tion (R ) between TWS variations from those two approaches
reaches values of 0.6-0.8.

This study focuses on assessing and comparing the accu-
racy of TWS estimates from GRACE with water balance data in
the transboundary Bug River Basin, located at the Polish-Ukrai-
nian-Belarusian border, using statistical methods. Regression
models were developed to relate TWS to various predictor vari-
ables. This approach allowed for the identification of spatio-
temporal patterns in the discrepancies between TWS esti-
mated using water balance method and those observed by
GRACE.

In Poland, the Bug River Basin is considered one of the
most affected by reduced water resources due to climate warm-
ing, with river discharge estimated to have decreased by ~20%
compared to the 1951-1988 period (Urban et al.,, 2022;
Kostrzewski and Abramowicz, 2023). However, although there
is a substantial amount of research on water security, quality
and flow in the Bug River Basin (e.g., Gopchak et al., 2020;
Shakhman and Bystriantseva, 2020; Grzywna et al., 2021;
Snizhko et al., 2024a, b), there are no studies that would focus
on the quantitative analysis of TWS resources in the region.

Hence, analysis of TWS changes based on GRACE observa-
tions and water balance estimates has great potential for moni-
toring water resources in this region. It can also contribute to im-
proving integrated water resource management at the catch-
ment scale.

The specific objectives of this study were as follows: (1) de-
termining scaling factors for the Bug River Basin to reconcile
TWS-GRACE with modelled TWS from the water balance ap-
proach (TWS-WB); (2) assessing differences in TWS estima-
tion using the water balance approach and GRACE data; (3)
conducting a water cycle reanalysis for the period 2012-2023
by merging satellite gravimetry, satellite-derived precipitation
(P) and evapotranspiration (ET) products, and in-situ
streamflow data.

By achieving these objectives, we highlight the usefulness
of the water balance equation for filling gaps in TWS-GRACE
time series and correcting low-quality measurement data.
Moreover, our assessment helps to understand the potential of
water balance computations for downscaling TWS-GRACE in
the Bug River Basin. This multi-source dataset of the main wa-
ter balance components provides an opportunity to enhance
the resolution of TWS-GRACE.

STUDY AREA

The study area encompasses the Bug River Basin
(38,712 kmz), located at the intersection of Poland, Ukraine,
and Belarus (Fig. 1). With a length of 772 km, it is a major
transboundary waterway in Eastern Europe with a catchment
area of ~40,000 km?. The basin features a complex structure,
situated within two distinct physical-geographical regions: the
East Baltic-Belarusian Lowlands and the Ukrainian Highlands
(Kondracki, 2011). Most of the area (75%) comprises lowlands
with elevations between 100-200 metres above sea level
(m a.s.l.), while the highlands (25%) reach a maximum of
400 m a.s.| (Fig. 1). Based on geomorphological divisions, the
Bug River Basin is divided into the upper part within the high-
lands and the lower part in the lowlands. The Bug River is char-
acterized by a complex, snow-rainfall regime with a clear domi-
nance of winter runoff and groundwater contributions ranging
from 40 to 60% (Wrzesinski and Sobkowiak, 2018).

The climate in the catchment area is temperate humid. It
evolved at the intersection of two climatic regions: the dry conti-
nental and the humid mountain climates. The average annual
air temperature is 7.3°C, with the lowest temperatures occurring
in January (—4°C) and the highest in July (18-19°C; Lorenc,
2005). The average annual precipitation is around 562 mm,
dropping below 400 mm in dry years and exceeding 850 mm in
wet years (Fig. 1). The months with the highest precipitation are
June and July, with an average of 75-80 mm of rainfall, while
February and March have the lowest precipitation, with an aver-
age monthly rainfall of 30 mm. The average annual precipitation
slightly exceeds evapotranspiration (Fig. 1), which amounts to
490 mm (Szwed, 2015).

DATA USED

GRACE DATA

For TWS anomalies determined from GRACE measure-
ments, we use a mascon solution provided by the Center for
Space Research (CSR) — CSR RL06.3 (Save et al., 2016;
Save, 2020). In the mascon approach, the area of Earth is di-
vided into predefined areas called “mascons” (mass concentra-
tions). Each mascon aggregates changes in gravity over that
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Fig. 1. Location and characteristics of the study area: digital elevation model (DEM, top left), average annual precipitation
for 2012-2023 (middle left), average annual evapotranspiration for 2012-2023 (bottom left), and the location of monitoring
points and spatial distribution of specific yield (Sy) (right)

specific area, improving spatial resolution and reducing noise
compared to traditional spherical harmonic (SH) methods. In
most mascon solutions, TWS anomalies are derived directly
from observed accelerations and changes in the distance be-
tween satellites, eliminating the need for an indirect conversion
between SH coefficients and TWS (Watkins et al., 2015;
Landerer et al., 2020). This is particularly useful in analysing re-
gional water storage changes. Mascons enhance spatial reso-
lution by allowing the detection of mass variations more pre-
cisely over small areas (e.g., river basins or aquifers) compared
to global SH. Mascon solutions are currently more widely ex-
ploited in regional analyses than data based on SH coefficients
(e.g., Scanlon et al., 2016; Ran et al., 2018; Jing et al., 2019;
Velicogna et al., 2020).

In the CSR RL06.3, TWS anomalies were calculated using
40,962 equal-area hexagonal or pentagonal mascons (Save et al.,
2016). In the final dataset, TWS variations were resampled onto
regular 0.25° x 0.25° longitude-latitude grids, enhancing coastline
representation and facilitating data application for smaller regions.
However, the native resolution of CSR RL06.3, determined by the
mascon size used for calculations, is 1° x 1° (Save et al., 2016).

The data were accessed from the CSR website
(https://www2.csr.utexas.edu/grace/RLO6_mascons.html — ac-
cessed on January 9, 2025).

EVAPOTRANSPIRATION DATA

For ET, we use SSEBop (Operational Simplified Surface
Energy Balance) model data based on Visible Infrared Imaging
Radiometer Suite (VIIRS) thermal imagery, updated every 10
days (Savoca et al., 2013; Senay, 2018). The unique feature of
the SSEBop model is that it uses a pre-defined, seasonally and
spatially dynamic surface psychrometer parameter to calculate
ET fractions (ETf) as the difference between observed land sur-
face temperature (dry-bulb) and a cold/wet boundary condition
(wet-bulb) using the principle of satellite psychrometry (Senay,
2018). The dataset is produced by estimating latent heat flux
through surface energy balance principles. This robust model is
instrumental in analysing the spatiotemporal patterns of water
use across land surfaces. The advantage of this product is its
high resolution (1 km x 1 km, which corresponds to around
0.01° x 0.01° grids) and good quality in the study area, verified
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with in situ data (Somorowska, 2021). The data were obtained
from the website (https:/earlywarning.usgs.gov/fews/prod-
uct/460 — accessed on January 9, 2025).

PRECIPITATION DATA

For precipitation, we use E-OBS daily gridded meteorologi-
cal data (Cornes et al., 2018). E-OBS is a comprehensive ob-
servational dataset covering various surface climate variables,
including daily precipitation, temperature, sea level pressure,
wind speed, relative humidity and global radiation. These pa-
rameters are derived from in-situ measurements collected from
national data archives and then resampled using statistical in-
terpolation to create a regular grid with sizes of 0.1° x 0.1° or
0.25° x 0.25° (Haylock et al., 2008; Klok and Klein Tank, 2008).
E-OBS was originally developed to support the validation of Eu-
rope-wide climate model simulations generated under the Eu-
ropean Union’s ENSEMBLES project (van der Linden and
Mitchell, 2009). Although E-OBS continues to play a vital role in
model validation (Nikulin et al., 2011; Min et al., 2013), it is also
widely utilized for general climate monitoring across Europe
(van Oldenborgh et al., 2016; Lavaysse et al., 2017), and stud-
ies on climate impacts (Fibbi et al., 2016; Duveiller et al., 2017).
The data are available for Europe from 1950 to the present and
are continuously updated not only for subsequent days but also
for the stations, the number of which is steadily increasing.
Here, we use the most recent version of E-OBS, 30.0e, givenin
0.1° x 0.1° grids, released in September 2024 and available at:
https://surfobs.climate.copernicus.eu/dataaccess/ac-
cess_eobs.php#datafiles (accessed on 9 January 2025).

RUNOFF DATA

The hydrological data used in this study to estimate river
discharge were obtained from in-situ measurement stations.
The study utilized monthly river discharge series from 2012 to
2023. The source data, daily river discharge for 30 gauging sta-
tions, was retrieved from the collections of the Institute of Mete-
orology and Water Management in Poland and the Institute of
Hydrometeorology of Ukraine. The data were obtained from the
website (https://danepubliczne.imgw.pl/datastore — accessed
on 9 January 2025). The river discharge was converted into
runoff per square kilometre of the catchment area.

METHODS

GRACE DATA PROCESSING

Due to the original size of the mascon (1° x 1°) in the CSR
RL06.3 solution, adjacent 0.25-degree grids showed almost
identical TWS anomaly values, making analyses on such a
dense grid redundant. Therefore, to reflect the actual temporal
resolution of GRACE resulting from the size of the mascon, we
resampled the 0.25-degree grids to 1-degree grids using
three-dimensional linear interpolation. Accordingly, all other in-
putdata (P, ET, and R), originally available at higher spatial res-
olutions, were aggregated to the 1° grid used consistently
throughout the study.

A commonly known limitation in the use of GRACE data is
the one-year gap between the end of the GRACE mission and
the beginning of the GRACE-FO operation. Various methods
have been proposed to fill this gap, employing statistical tech-
niques, more advanced approaches utilizing machine learning,
and exploiting supplementary data (e.g., Forootan et al., 2020;

Li et al., 2020; Sun et al., 2021; Gyawali et al., 2022). In this
study, we use an autoregressive integrated moving average
(ARIMA) for prediction of missing months, which is effective for
series where the seasonal signal is dominant (Box et al., 2016).
Other occasional data gaps in GRACE-based TWS series (of a
length of 1 or 2 months) were filled using linear interpolation.

COMPUTATION OF SCALING FACTORS

GRACE solutions based on SH coefficients require low-
pass filtering due to vertical stripes on the TWS maps, which
are high-frequency noise resulting from the polar-orbiting satel-
lite constellation. However, the effect of filtering is excessive
smoothing of the signal, which leads to noticeable attenuation
of the TWS anomaly amplitudes and removal of the local speci-
ficity of TWS changes (Vishwakarma et al., 2016; Hu et al.,
2021). Even after applying scaling factors from popular land
surface models or global hydrological models, the GRACE sig-
nal still shows considerable attenuation of both seasonal and
long-term cycles (Long et al., 2015).

An existing solution to this problem is the use of a mascon
approach, where TWS anomalies are directly calculated in
each mascon from observations of the changes in distance be-
tween the satellites, without the intermediate step of determin-
ing SH coefficients. However, in the study area, TWS data ob-
tained from the CSR mascon solution do not show the same
spatial heterogeneity as TWS-WB. This means that the mascon
approach does not fully capture the signal observed in esti-
mates based on the water balance approach. The limitation of
the GRACE data, in this case, lies not in the processing method
of the observations, but in the temporal and spatial resolution of
the measurements, which cannot be enhanced without supple-
mentary information from other sources. Therefore, we consid-
ered it essential to perform additional scaling, ensuring that the
conclusions drawn in the subsequent analysis — comparing
TWS-GRACE and TWS estimations based on water balance
component observations —would be based on normalized data.

The determination of the scaling factor is not intended to re-
store signal loss in GRACE data resulting from low-pass filter-
ing, which, in this case, should not be an issue due to the use of
mascon solutions (Longuevergne et al., 2010). Scaling is per-
formed to reconcile changes in TWS-GRACE with those mod-
elled based on the water balance approach. The scaling factor
for each grid cell can be computed by least square fit between
spatially averaged TWS-GRACE data and unfiltered modelled
TWS-WB anomalies obtained from observed precipitation,
evapotranspiration, and in-situ streamflow data. The scaling
factors derived in this way for each grid cell were applied by
multiplying to correct the TWS-GRACE data. The values of the
scaling factors indicate to what extent GRACE underestimates
the TWS signal obtained from the water balance approach.

Fusing GRACE data into the terrestrial water budget

The month-to-month TWS-WB change (ATWS-WB) is de-
termined by the variability of hydrological fluxes, which are inter-
connected through the water balance equation:

9 _p_R_ET [1]
dt

where: dS/dt — the monthly TWS change (ATWS) (mm/month); P —
the monthly precipitation (mm/month); R — the streamflow
(mm/month); ET — the monthly evapotranspiration (mm/month). P
and ET were obtained using satellite products assimilated with
model data, while R was derived from in-situ measurements.
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conducted in this study

The month-to-month TWS-GRACE change
(ATWS-GRACE) is determined based on TWS anomalies (in
mm) provided by GRACE for the period 2012-2023 for a spe-
cific month (f):

aS_TWS,.,-TWS,, [2]
dt t

The relationship between the TWS-WB and the TWS-
GRACE at grid scale was established using a multidimensional
linear regression model. This model links the dependent vari-
able (Y) — the variable to be predicted — with the independent
variables (X), derived from the set of observations:

Y=XH [3]

where: Y (n x g) — a matrix with n rows (one for each month) and g
columns (one for each grid cell in the Bug Basin). The predictor ma-
trix X (n x d) has n rows (one for each month) and d columns contain-

ing P, ET, R and TWS-GRACE. H (d x g) — the prediction matrix.
This calculation is preceded by the standardization of data required
for the predictor matrix X. Typically, global products are available in
grid cell formats with varying spatial resolutions. For the purposes of
the analysis, the values of P, ET and R were adjusted to match the
spatial resolution of TWS-GRACE (1° x 1° grid).

Dimension reduction is crucial for multivariate regression
analysis, achieved using Partial Least Squares Regression
(Vishwakarma et al., 2021). This analysis aims to regress on
the Principal Components (PCs) of measurements that strongly
correlate with the target signal (Preisendorfer, 1988).

To evaluate the accuracy of the final product — combined
TWS derived from TWS-GRACE and water balance compo-
nents — commonly used statistical indicators were applied, in-
cluding the root mean square error (RMSE) and the Pearson
correlation coefficient (CC).

Figure 2 presents a flowchart of the process of fusing
TWS-GRACE and TWS-WB, as well as the analysis of the re-
sults obtained.
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METHODS OF TIME SERIES PROCESSING

Because all datasets were available for different time peri-
ods, we limit our research to the common period between Janu-
ary 2012 and December 2023. All the series were also sampled
to monthly intervals.

A detailed analysis of TWS series consists of the study of
trends, seasonal oscillations (sum of annual and semiannual
signal) and non-seasonal variations. For this purpose, the TWS
series for each grid were decomposed into appropriate compo-
nents:

TWS=TWS,,,, +TWS ,+TWS

tren: seasonal non — seasonal [4]

Trends and seasonal signal were computed together by fit-
ting a seasonal model to the series using the least-squares
method. This model comprised a first-degree polynomial defin-
ing the trend and the sum of sine waves with periods of one year
and half a year, which determined the seasonal oscillation (sum
of annual and semiannual signal), according to the following
formula:

y(t)=a+b-(t —t0)+c~cos(com (t —to))+d ~sin( o,(t —to)) (5]
+e~cos(ms(t—to))+f~sin(ms(t—t0))

where: y — the value of the series for the time t=1, ..., 144 (number
of months), a — the intercept, b — a trend coefficient, c, d, e, fare co-
efficients of the fitted sinusoids, t,— a reference epoch (first month of
analysis, here January 2012), and »,, ®s — annual and semiannual
frequencies, respectively.

Non-seasonal changes were further obtained by removing
trends and seasonal signals, thus capturing all other variations
with periods both longer and shorter than seasonal changes.
Figure 3 illustrates example TWS-GRACE series for the grid
with the centre coordinates 51.5°N, 24.5°E, highlighting the
overall series (the original series without separation into sea-
sonal and non-seasonal oscillations), seasonal components
(the sum of annual and semiannual signals), annual oscilla-
tions, semiannual oscillations, non-seasonal changes, and the
linear trend. The plot indicates that seasonal oscillation is pri-
marily influenced by the annual signal, as the amplitudes of the
semiannual variations are several times smaller. Consequently,
this study will concentrate on the annual oscillation.

The annual signal is further analysed by examining phasor
diagrams, depicting the amplitudes and phases of the oscilla-
tion in relation to a chosen reference date (in this study the ref-
erence date is January 2012, marking the beginning of our
dataset). The amplitude (Amp) and phase (Ph) of annual oscil-
lation were computed for each series by employing coefficients
¢ and d from a fitted model:

Amp=+c?+d? (6]

Ph=tan™' (gj [7]
c

To conduct a comprehensive analysis of non-seasonal vari-
ations in TWS, we divided them into short-term changes (with
periods shorter than two years) and long-term changes (with
periods longer than two years) by applying a high-pass
Butterworth filter (Butterworth, 1930). Figure 4 shows example
TWS-GRACE series for a grid centred at 51.5° N, 24.5° E, high-
lighting the distinctions between non-seasonal, non-seasonal
long-term, and non-seasonal short-term changes.

To analyse the predominant oscillations within the TWS se-
ries, we utilize amplitude spectra derived through the applica-
tion of the fast Fourier transform (FFT). The FFT method facili-
tates the conversion of signals from their time-domain repre-
sentation to the frequency-domain representation, enabling the
investigation of signal properties such as frequency composi-
tion (Brigham and Morrow, 1967). The amplitude spectrum ob-
tained by the FFT process shows the magnitudes of the various
frequency components present in the input data and makes it
possible to find the most significant frequencies in the signal
and their contribution to the overall behaviour of the signal.

RESULTS

SCALING FACTOR FOR TWS-GRACE FROM THE WATER BALANCE
REGRESSION MODEL AT THE GRID CELLS

The original mascon solution from CSR is available on a
0.25° x 0.25° grid; however, the actual spatial resolution, deter-
mined by the size of the mascon applied by CSR, is 1° x 1°. This
means that GRACE data do not contain physical information at
a spatial scale finer than the original GRACE resolution. To en-
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hance the spatial resolution of GRACE products, it is necessary
to incorporate additional high-resolution information. In this
study, we used a water balance model, where TWS-WB esti-
mates are a function of the variables P, ET and R. Both
TWS-GRACE and TWS-WB are analysed here in 1° x 1° grids
even though the data for the water mass balance equation are
provided at a higher spatial resolution than GRACE.
Toillustrate the effect of the low resolution of TWS-GRACE,
even on a 1°x1° grid, TWS variations were compared with
TWS-WB using standard deviations. The calculated standard

deviation values for the TWS-GRACE and TWS-WB time se-
ries for the 2012-2023 period in the Bug Basin show clear spa-
tial differences (Fig. 5). TWS-GRACE (Fig. 5A) does not exhibit
local features but is characterized by zonality resulting from the
method of data interpolation. In contrast, TWS-WB (Fig. 5B)
displays spatial heterogeneity, logically reflecting the non-uni-
formity of water cycle transformations due to surface properties.

The scaling factors determined in this study, derived from
the comparison of water balance estimates and TWS-GRACE
changes, exhibit a clear spatial tendency (Fig. 6). Relatively
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Fig. 5. Standard deviations (in mm) of TWS changes over the period between January 2012 and December 2023 for the Bug
River basin: (A) TWS-GRACE data from CSR mascon solution and (B) TWS-WB calculated from observational data of water
balance components
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higher values of scaling coefficients (>1.0) are observed in grid
cells located in flat areas with optimal conditions for land-based
retention of rainfall water. In these areas, the variability of the
observed TWS-WB is highest, which, however, is not the case
for TWS-GRACE, thus requiring a significantly higher value of
scaling factor. In the upper Bug River in the upland areas the
scaling factor values are the lowest (<0.84), which indicates that
in these regions the variability of TWS-GRACE is equal or even
higher than in the case of TWS-WB.

The scaling coefficient does not significantly affect the R
value between TWS-GRACE and TWS-WB, but it causes a
proportional adjustment of the amplitudes derived from GRACE
in relation to those estimated based on the water balance ap-
proach. The TWS-GRACE values after scaling improved the
consistency with TWS-WB, as indicated by a lower RMSE. For
the entire Bug River basin, the RMSE is 34.7 mm/month for
TWS-GRACE changes alone and 34.0 mm/month for TWS-
GRACE after applying the scaling coefficient. The greatest im-
provement is observed in the upper course of the river in the
hilly area (from 38.0 to 36.9 mm/month). In the lower, lowland
part of the Bug Basin, the TWS-GRACE changes with the scal-
ing coefficient show only a slightly smaller discrepancy with
TWS-WB than the TWS changes without scaling (35.7 and 35.8
mm/month, respectively).

COMPARISON OF TWS-GRACE AND TWS-WB

Figure 7 shows the TWS-GRACE and TWS-WB time series
averaged over the Bug River Basin for the period 2012-2023,
while Figure 7 shows the changes in the corresponding TWS
series averaged for each subsequent year. During the period
analysed, both TWS-GRACE and TWS-WB series show a
downward trend in annual values (Fig. 8), with the long-term av-
erage TWS for the Bug River Basin being —1.78 mm/year ac-
cording to GRACE data and —7.58 mm/year according to the

2021

022
2025
2023

TWS-GRACE scaling ~ s=se=== TWS-GRACE =~ =———TWS-WB

Time series of TWS-GRACE (with and without scaling factors) and TWS-WB averaged over the area of River Bug Basin
for the period between January 2012 and December 2023



Tatiana Solovey et al. / Geological Quarterly, 2025, 69, 16 9

= TS -GRACE
== T\WS-water budget

Total Water Storage, mm/year

2023

Fig. 8. Changes in TWS-GRACE and TWS-WB averaged for each subsequent year

water budget approach, with standard deviations of 47.2 and
47.0 mml/year, respectively. The highest annual average of
TWS (>60 mm/year) was recorded in 2013 and 2017, while the
lowest (<—50 mm/year) occurred in 2019 and 2020.

The significance and magnitude of the downward trend var-
ies depending on the month (Table 1). A slightly higher intensity
of the decrease in the warm season (from April to September),
when ET prevails over P, compared to the cold season (from
October to March) is shown only by TWS-GRACE. Moreover,
TWS-GRACE is generally characterized by a higher trend sig-
nificance than TWS-WB. The highest rate of decline is ob-
served in summer and autumn for both series, with the peak de-
crease for TWS-GRACE occurring in June and September,
while for TWS-WB, it occurs in October.

Interesting results were obtained by comparing
month-to-month changes of TWS-GRACE (ATWS-GRACE)

and changes in land retention (ATWS-WB; Fig. 9). A negative
retention value indicates a water deficit, i.e. the dominance of
ET and R over P. Both time series show a division into a dry pe-
riod (from April to September) with negative values, i.e. a de-
crease in water resources, and a wet period (from October to
March) — with positive values. Clearly greater discrepancies be-
tween ATWS-GRACE and ATWS-WB are observed in the dry
period, with a maximum in June, which may indicate greater un-
certainty of GRACE measurements at negative ATWS values,
i.e., when there is less water.

To analyse the consistency between TWS-GRACE and
TWS-WB, we drew scatter plots and calculated the coefficient
of determination (R2) between the time series averaged for the
entire Bug River Basin, as well as for the Upper Bug and Lower
Bug regions (Fig. 9). The results show generally good agree-
ment between the series obtained from GRACE data and from

Table 1

Trend of TWS changes in the Bug River Basin from 2012 to 2023 for each month

Month Coefficient of regression Linear regression equation R?
TWS-GRACE | TWS-WB TWS-GRACE TWS-WB TWS-GRACE | TWS-WB

1 -5.94 -8.32 —5.9378x + 60.512 | —8.32x + 79.958 0.15 0.26
2 —4.65 =5.11 —4.6475x + 75.457 | -5.1133x + 68.758 0.11 0.14
3 —9.31 —5.62 —9.3135x + 112.17 | -5.6183x + 83.571 0.38 0.16
4 —6.11 —9.36 —6.1147x + 95.639 | —9.3645x + 92.142 0.12 0.33
5 -7.16 -8.02 -7.1643x + 74.063 —8.016x + 63.44 0.46 0.18
6 -10.50 —7.82 —10.5x + 55.772 | -7.8171x + 27.874 0.62 0.30
7 -9.22 —7.64 —9.2227x + 24.568 | —7.6434x — 5.9356 0.42 0.45
8 —7.68 -7.11 —7.6789x + 7.1803 | —7.1079x — 20.654 0.21 0.21
9 -10.47 —7.95 —10.471x + 12.666 | —7.946x + 12.668 0.26 0.14
10 —9.82 —10.64 | —9.8168x +21.534 | —10.636x + 30.174 0.26 0.23
11 —9.06 —9.90 —9.0576x + 29.177 | —9.8993x + 41.24 0.23 0.29
12 -6.14 —-7.80 —6.1421x + 34.317 | —7.8002x + 55.12 0.16 0.17
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Fig. 9. Dynamics of monthly ATWS-GRACE and ATWS-WB for the period between January 2012 and December 2023

the water balance equation. The R?is 0.77, 0.73, and 0.76 for
the entire Bug River Basin, Upper Bug, and Lower Bug, respec-
tively (Fig. 10). Figure 10 also corroborates that scaling the
GRACE data has a greater impact on the results in the Upper
Bug, whereas for the Lower Bug, the TWS-GRACE values be-
fore and after scaling are almost identical. The agreement be-
tween TWS-GRACE and TWS-WB is also slightly higher for the
lower stretch of the river.

In the remainder of this section we analyse the correlation
coefficients between TWS-GRACE and TWS-WB in individual
years (Fig. 11) and months (Fig. 12) separately for the entire
Bug River basin, its upland (upper) and lowland (lower) parts.
For the Upper Bug, we observed a slightly lower correlation
than for the Lower Bug. Considering that TWS changes in the
Upper Bug are more sensitive to precipitation changes com-
pared to the Lower Bug, and that the precipitation variability in
the Upper Bug is high, it can be concluded that the lower agree-
ment between the GRACE data and the estimates from the wa-
ter balance equation is likely due to the inability to capture
short-term precipitation events with the monthly GRACE mea-
surement interval. Furthermore, there is a noticeable decrease
in the correlation coefficient in 2018 and 2020. In the first case,
this was probably a result of the interruption of GRACE obser-
vations and the uncertainty associated with filling in the missing
data. In 2020, the low correlation was due to months with ex-
treme precipitation and correspondingly high TWS-WB values,
which were not captured in the GRACE measurements.

The correlation analysis for individual months indicates
slightly worse agreement between TWS-GRACE and TWS-WB
in the Upper Bug than in the Lower Bug, particularly in February
and June, when the correlation coefficient drops below 0.7
(Fig. 12). In these months, the largest discrepancies in precipi-
tation between the Upper and Lower Bug are observed, which
are also evident in the TWS-WB estimates. However, due to the
low temporal and spatial resolution, the TWS-GRACE mea-
surements seem to fail to capture these fluctuations, leading to
increased discrepancies with respect to the water balance ap-
proach. The smallest disparity between the results for the upper
and lower stretches of the river was observed in the winter
months, when the ATWS values are highest (see Fig. 9). For
these months, we also generally observe the highest agree-
ment between TWS-GRACE and TWS-WB, both for the whole
river basin and for its upper and lower stretches.

COMPARISON OF TWS-GRACE SERIES WITH AND WITHOUT FUSION
WITH P, ET AND R DATA

The assimilation of P, ET, and R data into TWS-GRACE
helped compensate for the errors in the GRACE solution by in-
corporating higher-resolution spatial information. The compari-
son between the TWS-GRACE series without fusion and the
TWS-GRACE corrected through fusion with P, ET and R data
averaged for the entire Bug River Basin is shown in Figure 13.
Table 2 illustrates the comparison of the minimum, maximum,
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Table 2

The minimum, maximum and average values of TWS-GRACE without and with fusion with P, ET and R data for each

year of the period analysed
Minimum Maximum Average
Fusing ) Fusing ) Fusing :
vear | tws” | IS | Difference | TWS- | JMaor | Difference | Tws- | S| Difference
GRACE GRACE GRACE

2012 -1.3 -0.4 -0.9 92.9 104.6 -11.8 46.8 47.3 -0.5

2013 10.4 32.0 -21.6 154.5 182.5 -28.0 77.7 79.9 2.2

2014 -18.6 -30.1 11.5 104.8 108.9 —4.1 41.0 41.9 -0.9

2015 -128.4 -151.3 22.9 72.2 69.9 2.3 -31.6 -35.3 3.7

2016 -103.1 -102.9 -0.2 274 30.8 -34 =314 —29.2 2.3

2017 -13.6 6.0 -19.6 143.1 111.1 32.0 64.6 62.4 2.2

2018 =711 —47.4 -23.6 741 18.5 55.6 -14.9 -17.0 2.1

2019 -139.7 —144.1 44 16.7 27.7 -11.0 —66.5 —64.3 2.2

2020 -98.9 -93.5 -5.4 7.9 —20.2 28.1 -54.5 -52.0 -2.5

2021 -104.3 -101.2 =31 56.3 66.7 -10.4 —22.0 -16.9 -5.1

2022 -91.7 -109.7 18.0 62.9 76.2 -13.2 -19.6 —25.0 5.4

2023 -121.6 -136.9 15.4 58.7 130.1 -71.3 -19.3 -13.2 —6.2

and average TWS values for each year of the period analysed.  gap between the end of GRACE operation and the start of

It can be seen from Table 2 that the effects of the fusion in
TWS-GRACE are most evident in the reduction of ~16% of the
original maximum TWS values (except for the years 2017, 2018
and 2020), which results in a slight (~7%) decrease in the aver-
age value.

Figure 14 shows a comparison of TWS-GRACE and
ATWS-GRACE with data fusion for the dry period, obtained by
taking a median of values for the months of April-September
over the years 2012—2023. According to the climatic conditions
in this geographical zone, ATWS is characterized by negative
values, as ET losses exceed P. It can be observed from Fig-
ure 14 that ATWS-GRACE after fusion with P, ET, and R data
tends to adopt negative values. The greatest differences be-
tween ATWS-GRACE with data fusion and ATWS-GRACE
without data fusion occur in the years 2017 and 2018, during the
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GRACE-FO measurements. This demonstrates the validity of
filling the missing GRACE data through fusion with P, ET and R
data, rather than using ARIMA. Years with noticeable discrep-
ancies between ATWS-GRACE with and without fusion also in-
clude 2013, 2016 and 2020, during which GRACE observations
recorded the lowest ATWS values (not exceeding
—15 mm/month). For small changes in TWS, the accuracy of
GRACE measurements decreases. It is currently believed that
changes in water storage anomalies can be detected if their
magnitude exceeds 1.5 cm over an area of 200,000 km?
(Frappart et al., 2018).

In the wet period (October-March), a noticeable difference
in results is observed between the GRACE (until 2017) and
GRACE-FO (from 2018 onwards) periods (Fig. 15). In the first
case, the correction of ATWS-GRACE is almost always nega-

2023
2023

Fusing TWS-GRACE ——TWS-GRACE

13. Time series of original TWS-GRACE and TWS-GRACE values corrected through fusion with P, ET, and R data for the

Bug River Basin for the period between January 2012 and December 2023
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Fig. 16. Correlation coefficients between TWS-GRACE and TWS-GRACE after fusion with P, ET and R data for each grid cell
covering the Bug River Basin

tive, whereas during the GRACE-FO mission, it is positive.
Again, the largest difference between ATWS with and without
fusion occurs in the years when observations were interrupted,
but in this case, only in 2018. Furthermore, as in the dry period,
the issue of GRACE measurement precision becomes appar-
ent. The greatest compensation is required for the year 2019,
which has the lowest ATWS-GRACE value, falling outside the
detection threshold. Overall, verification of TWS-GRACE calcu-
lations based on high-resolution P, ET and R data suggests that
during the wet period, with larger amplitude changes, this
method yields better results than in the dry season.

The spatial correlations between TWS-GRACE and
TWS-GRACE after fusion with P, ET and R data are shown in
Figure 16. The highest consistency between series was re-
corded for the entire area during the years 2012-2014, corre-
sponding to the period of the highest quality of GRACE mea-
surements. On the other hand, the years with the lowest corre-
lations include 2017 and 2018, which lacked GRACE measure-
ments. The year 2020 also shows a distinctly lower correlation,
further confirming the increased error in GRACE-FO data dur-
ing that time. Additionally, a slightly worse correlation is notice-
able in the upper part of the Bug River watershed in the last
three years (2021-2023), suggesting that the scaling factors
used in the GRACE solution for this area diverge from the ac-
tual water mass redistribution predicted by the water balance
equation. Overall, correcting TWS-GRACE using fusion with
high-resolution data brings the most benefits during years with
poor data quality or unavailability of GRACE measurements,

and in the upper part of the Bug River watershed. In other
years, TWS-GRACE data generally provide satisfactory results
(correlation coefficient with high-resolution data above 0.9), and
the correction mainly compensates for discrepancies due to the
high temporal variance of P, which cannot be captured with the
low temporal resolution of GRACE.

The correction of the TWS-GRACE series by fusion with
high-resolution P, ET, R data noticeably improved the agree-
ment between TWS-GRACE and TWS-WB. For the Bug River
Basin, we obtained a root mean square error (RMSE) equal to
34.7 mm/month for non-corrected TWS-GRACE and
14.9 mm/month for TWS-GRACE after data fusion. This con-
firms that the combination of GRACE data with high-resolution
P, ET and R data allows for a better fit to the observed compo-
nents of the water balance.

TWS VARIABILITY IN THE BUG RIVER BASIN IN 2012-2023

We now focus on the temporal variability of TWS in the Bug
River Basin. To do so, we analyse the TWS-GRACE time se-
ries (with and without the fusion with P, ET and R data) for vari-
ous oscillations. Figure 17 shows that overall TWS variability in
the Bug River Basin is primarily dominated by seasonal fluctua-
tions and trend. Although a downward trend is observed over
the entire period, the magnitude and even the direction of this
trend vary when shorter time intervals are considered. For ex-
ample, during the 2012—2015 period, negative TWS trends are
the strongest, followed by a reversal to a positive trend in
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Fig. 17. Time series of TWS-GRACE for each grid computed from GRACE data (A) and from fusion of GRACE and P, ET, R data (B)

The thick black line represents the series for the average across the entire area

2016-2018, and then another intensification of negative trends
in 2018-2020. Finally, from around early 2021, TWS trends are
close to zero (Table 3). We also observe that during the
GRACE mission period (2012—2017), the TWS-GRACE series
for individual grids are almost identical, while during the
GRACE-FO period (after 2018), the spatial variability of the
TWS-GRACE signal increases, which is consistent with the
spatial variability observed for TWS-GRACE when data fusion
is applied.

To examine which periodic oscillations are typical for TWS
in the region studied, we plotted the FFT amplitude spectra
(Fig. 18). This figure shows that the dominant oscillation is an-
nual (1 cycle/year) with an amplitude of ~50 mm. Another signif-
icant oscillation is the 4-year cycle (0.25 cycle/year) with an am-
plitude of ~40 mm. Two other oscillations with an amplitude
greater than 10 mm include the 18-month (0.7 cycle/year) and
2-year (0.5 cyclel/year) cycles.

Due to the dominance of the annual signal in TWS variabil-
ity in the region analysed, we now focus on this oscillation, per-
forming a detailed analysis of the amplitudes and phases of this

signal, calculated using equations 6 and 7 (Fig. 19). The dia-
grams show that the amplitudes of annual oscillation for individ-
ual grids range from around 50 to 54 mm for TWS-GRACE with-
out fusion and from 47 mm to 51 mm for TWS-GRACE with fu-
sion (Table 4). Thus, data fusion results in a slight decrease in
the annual oscillation amplitude by an average of 3 mm. The
phase values across all grids are relatively consistent for both
variants of TWS computation. However, there are some differ-
ences in phases between GRACE-TWS with and without data
fusion. These discrepancies reach a maximum of 12°, which
corresponds to approximately a 12-day delay in the data without
fusion compared to those with data fusion. However, consider-
ing the monthly temporal resolution of the data analysed, this
shift is not significant. For the area studied, the annual signal
reaches its maximum value in February and its minimum value
in August.

By removing the seasonal signal from the TWS series,
characterized in our case by a constant amplitude and phase,
we can focus on non-seasonal variations, which are crucial for
identifying extreme TWS events. Figure 20 shows the time se-

Table 3

Values of linear trends (in mm/year) in TWS-GRACE for four different periods, each characterized by distinct trend patterns and
for the whole period considered

2012-01 to 2015-09 to 2017-11 to 2020-01 to 2012-01 to
2015-09 2017-11 2020-01 2023-12 2023-12
TWS-GRACE —29.1£14.5 +91.1£19.3 —72.8%17.4 +2.7£14.9 —8.8+5.2
TWS-GRACE fusion —26.9+13.5 +82.3+21.8 —85.2+20.5 +3.8+13.6 —8.9+5.1
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Fig. 19. Phasor diagrams of annual oscillation for TWS-GRACE for each grid computed from GRACE data (A) and from fusion
of GRACE and P, ET, R data (B)

Table 4

Maximum, minimum and average values of amplitudes and phases of annual oscillation for
TWS-GRACE without and with data fusion, and maximum differences between amplitudes and
phases obtained from these two TWS estimates

TWS-GRACE TWS-GRACE fusion Max difference
Amplitude (mm) | Phase (°) | Amplitude (mm) | Phase (°) | Amplitude (mm) | Phase (°)
Minimum 50.2 27.9 47.3 37.1 14 12.4
Maximum 54.0 33.2 50.6 454 5.8 8.5
Average 51.8 30.9 48.8 41.7 3.0 10.8
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ries of non-seasonal TWS variations for the Bug River Basin.
The figure reveals that the pattern of non-seasonal TWS
changes is consistent across the entire basin. The most pro-
nounced TWS minimum occurs in the second half of 2015,
likely driven by exceptionally low precipitation in the region that
year (Kundzewicz et al., 2018) and unusually high summer tem-
peratures (Wypych et al., 2017). Another prominent minimum
was recorded at the beginning of 2020. A study by Rakovec et
al. (2022) emphasized that during the period 2018-2020, Eu-
rope experienced a series of exceptionally hot and dry weather
conditions, which may have contributed to the observed ex-
treme negative change in TWS. The authors identified this
drought as having unprecedented intensity and duration of over
two years (Rakovec et al., 2022).

In addition to the visible peaks of minima in TWS changes,
maxima are also observed in the Bug River Basin region, with
the first occurring in May-June 2013 and the second, stronger
one in the second half of 2017. The maxima largely reflect
above-normal precipitation levels in the region, which in ex-
treme cases led to flooding. This was the case in 2013 when
flooding affected many countries in Central Europe (Merz et al.,
2014). Although the flood primarily impacted Germany, the
Czech Republic and Austria, intense rainfall was also observed
in Poland during this period. Meteorological observations
showed that also in 2017 precipitation totals exceeded the
long-term average in the majority of months (IMGW, 2021). An
analysis of non-seasonal TWS changes shows that between

2012 and 2021, alternating anomalous minima and maxima in
TWS were observed in the region, occurring approximately ev-
ery two years (i.e., an exceptional increase in TWS every four
years, followed by an exceptional decrease in TWS every four
years). However, it is apparent that over the past four years, a
change has occurred in this pattern, and the observed peaks of
minima and maxima are no longer as pronounced, which is re-
flected in the disappearance of the 4-year oscillation in the plot
of long-term non-seasonal TWS variations (Fig. 21).

In the era of climate change, there is a need to prepare for
more frequent and intense extreme weather events, such as
floods and droughts, which have recently occurred in quick suc-
cession (for example, in Poland in 2024, where a dry summer
was followed by heavy autumn rains, causing floods in the
southern part of the country). Climate projections indicate that
the Bug River Basin region will experience a notable warming
trend throughout the 21st century. The SSP1 scenario, which
assumes sustainable development, projects that the mean an-
nual temperature will rise by 2°C by the mid-21st century and
then stabilize. However, the SSP5 scenario, which appears to
be more realistic, suggests a more drastic temperature in-
crease, potentially reaching a 6°C rise by the end of the century
(Snizhko et al., 2024b). At the same time, the work by Rakovec
et al. (2022) noted that future drought events in Europe could
reach a comparable intensity to the exceptional 2018-2020
drought, but with significantly longer durations.
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DISCUSSION

GRACE data have relatively low spatial resolution, and this
also applies to mascon solutions, which differ from solutions
based on the classical approach utilizing SH coefficients in that
they do not require filtering, thus avoiding the risk of losing part
of the actual signal. Although mascon data are generally more
reliable for regional analyses, they do not contain any additional
geophysical information at higher resolution compared to SH
data.

Therefore, we developed a statistical model for the fusion of
TWS-GRACE with higher-resolution P, ET and R data (Loomis
etal., 2019). The model assumes that the value of TWS results
from the proportion between the positive (P) and negative (ET
and R) components of the water balance, and serves as a com-
pensatory component (determined by the imbalance in the wa-
ter balance). The water balance approach is widely used, trans-
parent, and its effectiveness in analysing TWS and its driving
factors has been proven (Sahoo et al., 2011; Getirana et al.,
2014; Long et al., 2015). However, any inaccuracies in the P,
ET, and R data will accumulate in the water balance closure and
thus distort the actual TWS value (Li et al., 2023). Therefore,
our model was designed so that the simulated TWS is the result
of the correction of TWS-GRACE only in part, referred to as the
“residual,” based on a Least Squares Regression model be-
tween the GRACE data and the water balance closure.

The reliability of simulations in the deterministic model ap-
plied is largely dependent on the accuracy of P, ET and R. Pre-

cipitation, which is the most important input variable, comes
from the E-OBS database, which is based on in-situ station
data. This dataset is characterized by high quality in the target
area (Cornes et al., 2018). Another significant determinant is
ET, which in the study area reaches values almost equal to P in
the water balance. Numerous publications indicated that ET is
associated with the greatest uncertainty (15-30%), also due to
the sparse network of in situ stations (Rodell et al., 2004; Sahoo
etal., 2011; Lietal., 2023). In light of the above considerations,
the water balance estimation of TWS is associated with uncer-
tainty. However, compared to the interpolation of raw GRACE
data, it provides better results for improving the spatial resolu-
tion of GRACE, as it relies on physical data.

The lack of an in situ TWS measurement equivalent makes
validating the GRACE signal a challenge. Because of this,
TWS-GRACE corrected by fusion with high-resolution P, ET
and R data was compared with TWS estimated from the water
balance approach. After the fusion of GRACE data with P, ET
and R data, a noticeable improvement in agreement with TWS
obtained from the water balance approach was achieved
(RMSE reduction from 34.7 to 14.9 mm/month). This is the first
attempt to increase the resolution of TWS-GRACE using mea-
surement data of water balance components. With this ap-
proach, we demonstrate that TWS changes occur not only at
the basin scale but also in individual grid cells of the measure-
ment grid (Solovey et al., 2024).

The results obtained, as predicted, show that TWS variabil-
ity is dominated by precipitation, particularly in the upper part of
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the Bug Basin. Therefore, in most cases, the correction of
TWS-GRACE involved compensating for the large temporal
variability of precipitation, which is not detectable to the same
extent by GRACE. The greatest benefits from the fusion of
GRACE data with P, ET and R data were achieved in years with
poor GRACE data quality (2020) or a lack of GRACE measure-
ments (2017, 2018). During these periods, the correlation be-
tween TWS-GRACE and TWS-WB was increased from
0.13-0.35 to 0.99 after fusion with P, ET and R.

The impact of data fusion in TWS-GRACE is most evident
in the correction of extreme values. Maximum values generally
required reduction, while minimum values required an increase
(Table 2). Additionally, the developed model compensated for
the overestimation of the downward trend in TWS-GRACE.
Water balance observations indicate that in the dry season
(April-September), with ET exceeding P, the downward trend in
TWS is somewhat smaller, while in the wet season (Octo-
ber-March), it is larger. Importantly, TWS-GRACE data show a
greater intensity of water resource depletion than the water bal-
ance calculations. It cannot be ruled out that groundwater ex-
ploitation contributes to this effect to some extent. This issue re-
quires further clarification in the future, based on groundwater
monitoring data.

CONCLUSIONS

Central and Southern Europe is experiencing drying due to
increased ET and air temperature, despite stable precipitation
levels. In the Bug River Basin, TWS decreased at a rate of
8.8+5.2 mm/year from 2012 to 2023, according to GRACE ob-
servations. To validate this trend, we conducted an analysis of
the spatial and temporal mismatch patterns between
TWS-GRACE and estimates derived from the water budget.
We applied ensemble data assimilation techniques to integrate
hydrometeorological data and TWS-GRACE. The regression
models obtained for simulating TWS were used to correct
TWS-GRACE. The results of the calculations show that TWS
fusion effectively compensates for the uncertainties in
TWS-GRACE related to low spatial and temporal resolution.
The correlation analysis between TWS with data fusion and
TWS-GRACE allowed for the detection of errors in GRACE so-
lutions and popular autoregressive methods for filling gaps in
GRACE measurements. The results demonstrate that the de-
veloped model significantly improved the agreement between
TWS-GRACE and TWS-WB (according to RMSE, from 34.7 to
14.9 mm/month).

Our data fusion method which is based on combining
GRACE data with P, ET and R, provides an alternative to ex-
trapolating TWS-GRACE time series beyond the GRACE mea-
surement period. The results of our research may also prove
useful for downscaling GRACE data, as well as for spatial and
temporal interpolation, which has long been a challenge in wa-
ter resources studies.

One of the key limitations of satellite gravimetry in assess-
ing regional TWS variations is its relatively coarse spatial reso-
lution, which restricts its applicability in small catchments, espe-
cially those with heterogeneous topography or complex hydro-
logical systems. As such, a logical next step is to pursue the
downscaling of TWS-GRACE data using advanced algorithms,
supported by high-resolution model outputs and in situ observa-
tions.

Another important direction for future research is the moni-
toring of changes in groundwater storage, which, in our study
area, accounts for up to 70% of drinking water supply. Integrat-
ing downscaled GRACE-derived data with high-resolution infor-
mation on water balance components can enhance the moni-
toring of these crucial resources, especially in regions where
the ground-based monitoring network is sparse or unevenly dis-
tributed. Moreover, the application of advanced techniques, in-
cluding machine learning methods, offers the potential not only
to enhance the understanding of groundwater dynamics but
also to enable more accurate forecasting, which is crucial for
the sustainable management of groundwater resources.
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