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We ana lysed vari a tions in ter res trial wa ter stor age (TWS) over the Bug River Transboundary Catch ment for the pe riod
2012–2023. To do so, we uti lized sat el lite gravimetry data from the Grav ity Re cov ery and Cli mate Ex per i ment (GRACE) mis -
sion, along with sat el lite and in situ com po nents of the wa ter bal ance (WB) ap proach, in clud ing pre cip i ta tion,
evapotranspiration, and run off. TWS anom a lies and month-to-month changes in TWS (DTWS) de rived from GRACE data
(TWS-GRACE/DTWS-GRACE) were com pared with those from the wa ter bal ance ap proach (TWS-WB/DTWS-WB) for the
study area. The re sults showed a good agree ment be tween TWS-GRACE and TWS-WB, with an av er age co ef fi cient of de -
ter mi na tion of 0.77. This agree ment is slightly stron ger in the low land ar eas and weaker in the up land re gions. We also found
that this con sis tency de creases dur ing the dry months (April to Sep tem ber). In the next step, we per formed data as sim i la tion
of GRACE and hydro meteoro logi cal data by ap ply ing a re gres sion-based model. Our re sults dem on strated that such data fu -
sion ef fec tively mit i gates the un cer tain ties in TWS-GRACE re lated to its low spa tial and tem po ral res o lu tion, im prov ing the
con sis tency be tween DTWS-GRACE and DTWS-WB, as shown by a re duc tion in root mean square er ror from 34.7 to 14.9
mm/month. The re sults re vealed that be tween 2012 and 2023 the Bug River Ba sin faced al ter nat ing ex treme de creases and
in creases in TWS. Al though the mag ni tude of the trends var ied slightly over dif fer ent pe ri ods, the over all re gion ex hib ited
neg a tive trends in TWS changes, with an av er age rate of ~9 mm/year. 
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INTRODUCTION

The Grav ity Re cov ery and Cli mate Ex per i ment (GRACE)
sat el lite mis sion and its suc ces sor GRACE Fol low-On
(GRACE-FO; the GRACE and GRACE-FO mis sions will be col -
lec tively re ferred to as “GRACE” here af ter) pro vided an un prec -
e dented op por tu nity to track the global dy nam ics of cu mu la tive
changes in ter res trial wa ter stor age (TWS) at a pre vi ously un at -
tain able level. This marked a break through in mon i tor ing the
con ti nen tal phase of the wa ter cy cle (Tapley et al., 2019). TWS
from GRACE ef fec tively closes the wa ter bal ance, which rep re -

sents the equi lib rium be tween pre cip i ta tion (P), wa ter losses
through evapotranspiration (ET), streamflow (R), and changes
in TWS (DTWS). TWS is cru cial for un der stand ing the ef fects of 
cli mate change and is rec og nized by the Global Cli mate Ob -
serv ing Sys tem (GCOS) as one of the es sen tial cli mate vari -
ables.

An im por tant as pect of re gional TWS stud ies is the sen si tiv -
ity of GRACE mea sure ments to changes in wa ter mass and the 
as so ci ated spa tial res o lu tion. The ef fec tive spa tial res o lu tion of
GRACE sat el lite data for hy drol ogy and hydrogeology re mains
a topic of on go ing dis cus sion (Frappart et al., 2018;
Vishwakarma et al., 2018). It de pends on the size of the area,
but is also in flu enced by its phys i cal-geo graph ical char ac ter is -
tics, the size of wa ter re sources in the re gion, and the mag ni -
tude of their vari abil ity. The spa tial res o lu tion of GRACE mea -
sure ments is gen er ally es ti mated to be ~300 × 300 km (Tapley
et al., 2004; Wahr et al., 2004, 2006). The GRACE mea sure -
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ment sen si tiv ity al lows de tec tion of wa ter-height changes of
~1–2 cm over spa tial scales of 300 km, which rep re sents the
small est na tive scale at which GRACE can re solve a mass
change sig nal. How ever, Lorenz et al. (2014) con firmed the
high detectability of TWS changes at smaller spa tial scales
(<100,000 km2), if the ob served vari a tions have a strong sea -
sonal cy cle. A study by Vishwakarma et al. (2018) showed that
GRACE can cap ture TWS changes over ar eas of ~63,000 km2,
while Tourian et al. (2018) in di cated that such changes can be
ob served even in ar eas of 52,000 km2.

At pres ent, GRACE re mains the only source of di rect in for -
ma tion about TWS. How ever, the low spa tial res o lu tion of
GRACE prod ucts and pe ri odic deg ra da tion in sig nal qual ity limit 
their util ity for mon i tor ing the wa ter cy cle at re gional scale
(Vishwakarma et al. 2018). There fore, many re cent stud ies uti -
liz ing GRACE data for mon i tor ing wa ter re sources ad dress the
chal leng ing topic of in creas ing the spa tial res o lu tion 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 im prov ing the mea sure ments’
pre ci sion (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 fo cused on im prov ing TWS es ti mates by
com bin ing ob ser va tions of wa ter bal ance (WB) com po nents
and TWS de rived from the GRACE mis sion. In the con text of
the wa ter bal ance, TWS change can be de fined as DTWS = P –
ET – R, as sum ing 100% clo sure of the bal ance. De spite ef forts
to achieve high-res o lu tion global mon i tor ing of the ter res trial
wa ter cy cle, sig nif i cant chal lenges re main in pro vid ing phys i -
cally con sis tent and ac cu rate es ti mates of wa ter bal ance com -
po nents. These chal lenges in clude the un cer tainty in es ti mat -
ing in di vid ual com po nents de rived from dif fer ent sat el lite sen -
sors and mod els, and the low spa tial and tem po ral res o lu tion of
avail able data (Sahoo et al., 2011). The pri mary rea son for the
in abil ity to per fectly close the wa ter bal ance is that no sin gle sat -
el lite sen sor mea sures all wa ter bal ance com po nents si mul ta -
neously. Nev er the less, con sid er ing the avail abil ity of in-situ
mea sure ments, there is po ten tial to com bine in di vid ual com po -
nent es ti mates into a phys i cally con sis tent, com pre hen sive es -
ti mate of the wa ter cy cle bal ance.

A com par i son of TWS es ti mates de rived from the wa ter bal -
ance ap proach and GRACE data gen er ally in di cates good
agree ment be tween these two meth ods. Re search con ducted
on the ten larg est river bas ins in the world (Sahoo et al., 2011),
for China (Long et al., 2015), and Af rica (Hassan and Jin, 2016;
Nanteza et al., 2016) showed that the co ef fi cient of de ter mi na -
tion (R²) be tween TWS vari a tions from those two ap proaches
reaches val ues of 0.6–0.8.

This study fo cuses on as sess ing and com par ing the ac cu -
racy of TWS es ti mates from GRACE with wa ter bal ance data in
the transboundary Bug River Ba sin, lo cated at the Pol ish-Ukrai -
nian-Belarusian bor der, us ing sta tis ti cal meth ods. Re gres sion
mod els were de vel oped to re late TWS to var i ous pre dic tor vari -
ables. This ap proach al lowed for the iden ti fi ca tion of spatio -
temporal pat terns in the dis crep an cies be tween TWS es ti -
mated us ing wa ter bal ance method and those ob served by
GRACE.

In Po land, the Bug River Ba sin is con sid ered one of the
most af fected by re duced wa ter re sources due to cli mate warm -
ing, with river dis charge es ti mated to have de creased by ~20%
com pared to the 1951–1988 pe riod (Ur ban et al., 2022;
Kostrzewski and Abramowicz, 2023). How ever, al though there
is a sub stan tial amount of re search on wa ter se cu rity, qual ity
and flow in the Bug River Ba sin (e.g., Gopchak et al., 2020;
Shakhman and Bystriantseva, 2020; Grzywna et al., 2021;
Snizhko et al., 2024a, b), there are no stud ies that would fo cus
on the quan ti ta tive anal y sis of TWS re sources in the re gion.

Hence, anal y sis of TWS changes based on GRACE ob ser va -
tions and wa ter bal ance es ti mates has great po ten tial for mon i -
tor ing wa ter re sources in this re gion. It can also con trib ute to im -
prov ing in te grated wa ter re source man age ment at the catch -
ment scale. 

The spe cific ob jec tives of this study were as fol lows: (1) de -
ter min ing scal ing fac tors for the Bug River Ba sin to rec on cile
TWS-GRACE with mod elled TWS from the wa ter bal ance ap -
proach (TWS-WB); (2) as sess ing dif fer ences in TWS es ti ma -
tion us ing the wa ter bal ance ap proach and GRACE data; (3)
con duct ing a wa ter cy cle reanalysis for the pe riod 2012–2023
by merg ing sat el lite gravimetry, sat el lite-de rived pre cip i ta tion
(P) and evapotranspiration (ET) prod ucts, and in-situ
streamflow data. 

By achiev ing these ob jec tives, we high light the use ful ness
of the wa ter bal ance equa tion for fill ing gaps in TWS-GRACE
time se ries and cor rect ing low-qual ity mea sure ment data.
More over, our as sess ment helps to un der stand the po ten tial of
wa ter bal ance com pu ta tions for downscaling TWS-GRACE in
the Bug River Basin. This multi-source dataset of the main wa -
ter bal ance com po nents pro vides an op por tu nity to en hance
the res o lu tion of TWS-GRACE.

STUDY AREA

The study area en com passes the Bug River Ba sin
(38,712 km2), lo cated at the in ter sec tion of Po land, Ukraine,
and Belarus (Fig. 1). With a length of 772 km, it is a ma jor
transboundary wa ter way in East ern Eu rope with a catch ment
area of ~40,000 km2. The ba sin fea tures a com plex struc ture,
sit u ated within two dis tinct phys i cal-geo graph ical re gions: the
East Bal tic-Belarusian Low lands and the Ukrai nian High lands
(Kondracki, 2011). Most of the area (75%) com prises low lands
with el e va tions be tween 100–200 metres above sea level
(m a.s.l.), while the high lands (25%) reach a max i mum of
400 m a.s.l (Fig. 1). Based on geomorphological di vi sions, the
Bug River Ba sin is di vided into the up per part within the high -
lands and the lower part in the low lands. The Bug River is char -
ac ter ized by a com plex, snow-rain fall re gime with a clear dom i -
nance of win ter run off and ground wa ter con tri bu tions rang ing
from 40 to 60% (Wrzesiñski and Sobkowiak, 2018). 

The cli mate in the catch ment area is tem per ate hu mid. It
evolved at the in ter sec tion of two cli ma tic re gions: the dry con ti -
nen tal and the hu mid moun tain cli mates. The av er age an nual
air tem per a ture is 7.3°C, with the low est tem per a tures oc cur ring 
in Jan u ary (–4°C) and the high est in July (18–19°C; Lorenc,
2005). The av er age an nual pre cip i ta tion is around 562 mm,
drop ping be low 400 mm in dry years and ex ceed ing 850 mm in
wet years (Fig. 1). The months with the high est pre cip i ta tion are
June and July, with an av er age of 75–80 mm of rain fall, while
Feb ru ary and March have the low est pre cip i ta tion, with an av er -
age monthly rain fall of 30 mm. The av er age an nual pre cip i ta tion 
slightly ex ceeds evapotranspiration (Fig. 1), which amounts to
490 mm (Szwed, 2015).

DATA USED

GRACE DATA

For TWS anom a lies de ter mined from GRACE mea sure -
ments, we use a mascon so lu tion pro vided by the Cen ter for
Space Re search (CSR) – CSR RL06.3 (Save et al., 2016;
Save, 2020). In the mascon ap proach, the area of Earth is di -
vided into pre de fined ar eas called “mascons” (mass con cen tra -
tions). Each mascon ag gre gates changes in grav ity over that
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spe cific area, im prov ing spa tial res o lu tion and re duc ing noise
com pared to tra di tional spher i cal har monic (SH) meth ods. In
most mascon so lu tions, TWS anom a lies are de rived di rectly
from ob served ac cel er a tions and changes in the dis tance be -
tween sat el lites, elim i nat ing the need for an in di rect con ver sion
be tween SH co ef fi cients and TWS (Watkins et al., 2015;
Landerer et al., 2020). This is par tic u larly use ful in ana lys ing re -
gional wa ter stor age changes. Mascons en hance spa tial res o -
lu tion by al low ing the de tec tion of mass vari a tions more pre -
cisely over small ar eas (e.g., river bas ins or aqui fers) com pared 
to global SH. Mascon so lu tions are cur rently more widely ex -
ploited in re gional anal y ses than data based on SH co ef fi cients
(e.g., Scanlon et al., 2016; Ran et al., 2018; Jing et al., 2019;
Velicogna et al., 2020).

In the CSR RL06.3, TWS anom a lies were cal cu lated us ing
40,962 equal-area hex ag o nal or pen tag o nal mascons (Save et al., 
2016). In the fi nal dataset, TWS vari a tions were resampled onto
reg u lar 0.25° × 0.25° lon gi tude-lat i tude grids, en hanc ing coast line
rep re sen ta tion and fa cil i tat ing data ap pli ca tion for smaller re gions.
How ever, the na tive res o lu tion of CSR RL06.3, de ter mined by the
mascon size used for cal cu la tions, is 1° × 1° (Save et al., 2016).

The data were ac cessed from the CSR website
(https://www2.csr.utexas.edu/grace/RL06_mascons.html – ac -
cessed on Jan u ary 9, 2025).

EVAPOTRANSPIRATION DATA

For ET, we use SSEBop (Op er a tional Sim pli fied Sur face
En ergy Bal ance) model data based on Vis i ble In fra red Im ag ing
Ra di om e ter Suite (VIIRS) ther mal im ag ery, up dated ev ery 10
days (Savoca et al., 2013; Senay, 2018). The unique fea ture of
the SSEBop model is that it uses a pre-de fined, sea son ally  and 
spa tially dy namic sur face psychrometer pa ram e ter to cal cu late
ET frac tions (ETf) as the dif fer ence be tween ob served land sur -
face tem per a ture (dry-bulb) and a cold/wet bound ary con di tion
(wet-bulb) us ing the prin ci ple of sat el lite psychrometry (Senay,
2018). The dataset is pro duced by es ti mat ing la tent heat flux
through sur face en ergy bal ance prin ci ples. This ro bust model is 
in stru men tal in ana lys ing the spatiotemporal pat terns of wa ter
use across land sur faces. The ad van tage of this prod uct is its
high res o lu tion (1 km × 1 km, which cor re sponds to around
0.01° × 0.01° grids) and good qual ity in the study area, ver i fied
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Fig. 1. Lo ca tion and char ac ter is tics of the study area: dig i tal el e va tion model (DEM, top left), av er age an nual pre cip i ta tion 
for 2012–2023 (mid dle left), av er age an nual evapotranspiration for 2012–2023  (bot tom left), and the lo ca tion of mon i tor ing

points and spa tial dis tri bu tion of spe cific yield (Sy) (right)
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with in situ data (Somorowska, 2021). The data were ob tained
from the website (https://earlywarning.usgs.gov/fews/prod -
uct/460 – ac cessed on Jan u ary 9, 2025).

PRECIPITATION DATA

For pre cip i ta tion, we use E-OBS daily gridded me te o ro log i -
cal data (Cornes et al., 2018). E-OBS is a com pre hen sive ob -
ser va tional dataset cov er ing var i ous sur face cli mate vari ables,
in clud ing daily pre cip i ta tion, tem per a ture, sea level pres sure,
wind speed, rel a tive hu mid ity and global ra di a tion. These pa -
ram e ters are de rived from in-situ mea sure ments col lected from
na tional data ar chives and then resampled us ing sta tis ti cal in -
ter po la tion to cre ate a reg u lar grid with sizes of 0.1° × 0.1° or
0.25° × 0.25° (Haylock et al., 2008; Klok and Klein Tank, 2008).
E-OBS was orig i nally de vel oped to sup port the val i da tion of Eu -
rope-wide cli mate model sim u la tions gen er ated un der the Eu -
ro pean Un ion’s ENSEMBLES pro ject (van der Lin den and
Mitch ell, 2009). Al though E-OBS con tin ues to play a vi tal role in
model val i da tion (Nikulin et al., 2011; Min et al., 2013), it is also
widely uti lized for gen eral cli mate mon i tor ing across Eu rope
(van Oldenborgh et al., 2016; Lavaysse et al., 2017), and stud -
ies on cli mate im pacts (Fibbi et al., 2016; Duveiller et al., 2017).
The data are avail able for Eu rope from 1950 to the pres ent and
are con tin u ously up dated not only for sub se quent days but also
for the sta tions, the num ber of which is steadily in creas ing.
Here, we use the most re cent ver sion of E-OBS, 30.0e, given in
0.1° × 0.1° grids, re leased in Sep tem ber 2024 and avail able at:
https://surfobs.cli mate.co per ni cus.eu/dataaccess/ac -
cess_eobs.php#datafiles (ac cessed on 9 Jan u ary 2025).

RUNOFF DATA

The hy dro log i cal data used in this study to es ti mate river
dis charge were ob tained from in-situ mea sure ment sta tions.
The study uti lized monthly river dis charge se ries from 2012 to
2023. The source data, daily river dis charge for 30 gaug ing sta -
tions, was re trieved from the col lec tions of the In sti tute of Me te -
o rol ogy and Wa ter Man age ment in Po land and the In sti tute of
Hydrometeorology of Ukraine. The data were ob tained from the 
website (https://danepubliczne.imgw.pl/datastore – ac cessed
on 9 Jan u ary 2025). The river dis charge was con verted into
run off per square kilo metre of the catch ment area.

METHODS

GRACE DATA PROCESSING

Due to the orig i nal size of the mascon (1° × 1°) in the CSR
RL06.3 so lu tion, ad ja cent 0.25-de gree grids showed al most
iden ti cal TWS anom aly val ues, mak ing anal y ses on such a
dense grid re dun dant. There fore, to re flect the ac tual tem po ral
res o lu tion of GRACE re sult ing from the size of the mascon, we
resampled the 0.25-de gree grids to 1-de gree grids us ing
three-di men sional lin ear in ter po la tion. Ac cord ingly, all other in -
put data (P, ET, and R), orig i nally avail able at higher spa tial res -
o lu tions, were ag gre gated to the 1° grid used con sis tently
through out the study.

A com monly known lim i ta tion in the use of GRACE data is
the one-year gap be tween the end of the GRACE mis sion and
the be gin ning of the GRACE-FO op er a tion. Var i ous meth ods
have been pro posed to fill this gap, em ploy ing sta tis ti cal tech -
niques, more ad vanced ap proaches uti liz ing ma chine learn ing,
and ex ploit ing sup ple men tary 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 in te grated mov ing av er age
(ARIMA) for pre dic tion of miss ing months, which is ef fec tive for
se ries where the sea sonal sig nal is dom i nant (Box et al., 2016).
Other oc ca sional data gaps in GRACE-based TWS se ries (of a
length of 1 or 2 months) were filled us ing lin ear in ter po la tion.

COMPUTATION OF SCALING FACTORS

GRACE so lu tions based on SH co ef fi cients re quire low-
 pass fil ter ing due to ver ti cal stripes on the TWS maps, which
are high-fre quency noise re sult ing from the po lar-or bit ing sat el -
lite con stel la tion. How ever, the ef fect of fil ter ing is ex ces sive
smooth ing of the sig nal, which leads to no tice able at ten u a tion
of the TWS anom aly am pli tudes and re moval of the lo cal spec i -
fic ity of TWS changes (Vishwakarma et al., 2016; Hu et al.,
2021). Even af ter ap ply ing scal ing fac tors from pop u lar land
sur face mod els or global hy dro log i cal mod els, the GRACE sig -
nal still shows con sid er able at ten u a tion of both sea sonal and
long-term cy cles (Long et al., 2015).

An ex ist ing so lu tion to this prob lem is the use of a mascon
ap proach, where TWS anom a lies are di rectly cal cu lated in
each mascon from ob ser va tions of the changes in dis tance be -
tween the sat el lites, with out the in ter me di ate step of de ter min -
ing SH co ef fi cients. How ever, in the study area, TWS data ob -
tained from the CSR mascon so lu tion do not show the same
spa tial het er o ge ne ity as TWS-WB. This means that the mascon 
ap proach does not fully cap ture the sig nal ob served in es ti -
mates based on the wa ter bal ance ap proach. The lim i ta tion of
the GRACE data, in this case, lies not in the pro cess ing method
of the ob ser va tions, but in the tem po ral and spa tial res o lu tion of
the mea sure ments, which can not be en hanced with out sup ple -
men tary in for ma tion from other sources. There fore, we con sid -
ered it es sen tial to per form ad di tional scal ing, en sur ing that the
con clu sions drawn in the sub se quent anal y sis – com par ing
TWS-GRACE and TWS es ti ma tions based on wa ter bal ance
component ob ser va tions – would be based on normalized data.

The de ter mi na tion of the scal ing fac tor is not in tended to re -
store sig nal loss in GRACE data re sult ing from low-pass fil ter -
ing, which, in this case, should not be an is sue due to the use of
mascon so lu tions (Longuevergne et al., 2010). Scal ing is per -
formed to rec on cile changes in TWS-GRACE with those mod -
elled based on the wa ter bal ance ap proach. The scal ing fac tor
for each grid cell can be com puted by least square fit be tween
spa tially av er aged TWS-GRACE data and un fil tered mod elled
TWS-WB anom a lies ob tained from ob served pre cip i ta tion,
evapotranspiration, and in-situ streamflow data. The scal ing
fac tors de rived in this way for each grid cell were ap plied by
mul ti ply ing to cor rect the TWS-GRACE data. The val ues of the
scal ing fac tors in di cate to what ex tent GRACE un der es ti mates
the TWS sig nal ob tained from the wa ter bal ance ap proach.

Fus ing GRACE data into the ter res trial wa ter bud get 
The month-to-month TWS-WB change (DTWS-WB) is de -

ter mined by the vari abil ity of hy dro log i cal fluxes, which are in ter -
con nected through the wa ter bal ance equa tion:

dS

dt
P R ET= - - [1]

where: dS/dt – the monthly TWS change (DTWS) (mm/month); P –
the monthly pre cip i ta tion (mm/month); R – the streamflow
(mm/month); ET – the monthly evapotranspiration (mm/month). P
and ET were ob tained us ing sat el lite prod ucts as sim i lated with

model data, while R was de rived from in-situ mea sure ments.
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The month-to-month TWS-GRACE change
(DTWS-GRACE) is de ter mined based on TWS anom a lies (in
mm) pro vided by GRACE for the pe riod 2012–2023 for a spe -
cific month (t):

dS

dt

TWS TWS

t
t t=

-+ -1 1 [2]

The re la tion ship be tween the TWS-WB and the TWS-
 GRACE at grid scale was es tab lished us ing a mul ti di men sional
lin ear re gres sion model. This model links the de pend ent vari -
able (Y) – the vari able to be pre dicted – with the in de pend ent
vari ables (X), de rived from the set of ob ser va tions:

Y XH= [3]

where: Y (n × g) – a ma trix with n rows (one for each month) and g
col umns (one for each grid cell in the Bug Ba sin). The pre dic tor ma -
trix X (n × d) has n rows (one for each month) and d col umns con tain -

ing P, ET, R and TWS-GRACE. H (d × g) – the pre dic tion ma trix.
This cal cu la tion is pre ceded by the stan dard iza tion of data re quired
for the pre dic tor ma trix X. Typ i cally, global prod ucts are avail able in
grid cell for mats with vary ing spa tial res o lu tions. For the pur poses of 
the anal y sis, the val ues of P, ET and R were ad justed to match the

spa tial res o lu tion of TWS-GRACE (1° × 1° grid).

Di men sion re duc tion is cru cial for multivariate re gres sion
anal y sis, achieved us ing Par tial Least Squares Re gres sion
(Vishwakarma et al., 2021). This anal y sis aims to re gress on
the Prin ci pal Com po nents (PCs) of mea sure ments that strongly 
cor re late with the tar get sig nal (Preisendorfer, 1988).

To eval u ate the ac cu racy of the fi nal prod uct – com bined
TWS de rived from TWS-GRACE and wa ter bal ance com po -
nents – com monly used sta tis ti cal in di ca tors were ap plied, in -
clud ing the root mean square er ror (RMSE) and the Pearson
cor re la tion coefficient (CC).

Fig ure 2 pres ents a flowchart of the pro cess of fus ing
TWS-GRACE and TWS-WB, as well as the anal y sis of the re -
sults ob tained.
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Fig. 2. Flowchart of the anal y sis of TWS-GRACE, TWS-WB, and the fu sion of TWS-GRACE and TWS-WB
con ducted in this study
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METHODS OF TIME SERIES PROCESSING

Be cause all datasets were avail able for dif fer ent time pe ri -
ods, we limit our re search to the com mon pe riod be tween Jan u -
ary 2012 and De cem ber 2023. All the se ries were also sam pled 
to monthly in ter vals.

A de tailed anal y sis of TWS se ries con sists of the study of
trends, sea sonal os cil la tions (sum of an nual and semi an nual
sig nal) and non-sea sonal vari a tions. For this pur pose, the TWS 
se ries for each grid were de com posed into ap pro pri ate com po -
nents:

TWS TWS TWS TWStrend seasonal non seasonal= + + - [4]

Trends and sea sonal sig nal were com puted to gether by fit -
ting a sea sonal model to the se ries us ing the least-squares
method. This model com prised a first-de gree poly no mial de fin -
ing the trend and the sum of sine waves with pe ri ods of one year 
and half a year, which de ter mined the sea sonal os cil la tion (sum 
of an nual and semi an nual sig nal), ac cord ing to the fol low ing
for mula:

( ) ( ) ( )( ) ( )( )
( )( )

y t a b t t c t t d t t

e t t f
a

S

= + × - + × - + × -

+ × - + ×
0 0 0

0

cos sin

cos

w w

w
a

( )( )sin wS t t- 0

[5]

where: y – the value of the se ries for the time t = 1, . . . , 144 (num ber
of months), a – the in ter cept, b – a trend co ef fi cient, c, d, e, f are co -
ef fi cients of the fit ted si nu soids, t0 – a ref er ence ep och (first month of 

anal y sis, here Jan u ary 2012), and wa, ws – an nual and semi an nual
fre quen cies, re spec tively.

Non-sea sonal changes were fur ther ob tained by re mov ing
trends and sea sonal sig nals, thus cap tur ing all other vari a tions
with pe ri ods both lon ger and shorter than sea sonal changes.
Fig ure 3 il lus trates ex am ple TWS-GRACE se ries for the grid
with the cen tre co or di nates 51.5°N, 24.5°E, high light ing the
over all se ries (the orig i nal se ries with out sep a ra tion into sea -
sonal and non-sea sonal os cil la tions), sea sonal com po nents
(the sum of an nual and semi an nual sig nals), an nual os cil la -
tions, semi an nual os cil la tions, non-sea sonal changes, and the
lin ear trend. The plot in di cates that sea sonal os cil la tion is pri -
mar ily in flu enced by the an nual sig nal, as the am pli tudes of the
semi an nual vari a tions are sev eral times smaller. Con se quently, 
this study will con cen trate on the an nual os cil la tion.

The an nual sig nal is fur ther ana lysed by ex am in ing phasor
di a grams, de pict ing the am pli tudes and phases of the os cil la -
tion in re la tion to a cho sen ref er ence date (in this study the ref -
er ence date is Jan u ary 2012, mark ing the be gin ning of our
dataset). The am pli tude (Amp) and phase (Ph) of an nual os cil -
la tion were com puted for each se ries by em ploy ing co ef fi cients
c and d from a fit ted model:

Amp c d= +2 2 [6]

Ph
d

c
=

æ

è
ç

ö

ø
÷

-tan 1 [7]

To con duct a com pre hen sive anal y sis of non-sea sonal vari -
a tions in TWS, we di vided them into short-term changes (with
pe ri ods shorter than two years) and long-term changes (with
pe ri ods lon ger than two years) by ap ply ing a high-pass
Butterworth fil ter (Butterworth, 1930). Fig ure 4 shows ex am ple
TWS-GRACE se ries for a grid cen tred at 51.5° N, 24.5° E, high -
light ing the dis tinc tions be tween non-sea sonal, non-sea sonal
long-term, and non-sea sonal short-term changes.

To ana lyse the pre dom i nant os cil la tions within the TWS se -
ries, we uti lize am pli tude spec tra de rived through the ap pli ca -
tion of the fast Fou rier trans form (FFT). The FFT method fa cil i -
tates the con ver sion of sig nals from their time-do main rep re -
sen ta tion to the fre quency-do main rep re sen ta tion, en abling the
in ves ti ga tion of sig nal prop er ties such as fre quency com po si -
tion (Brigham and Mor row, 1967). The am pli tude spec trum ob -
tained by the FFT pro cess shows the mag ni tudes of the var i ous
fre quency com po nents pres ent in the in put data and makes it
pos si ble to find the most sig nif i cant fre quen cies in the sig nal
and their con tri bu tion to the over all be hav iour of the sig nal.

RESULTS

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

The orig i nal mascon so lu tion from CSR is avail able on a
0.25° × 0.25° grid; how ever, the ac tual spa tial res o lu tion, de ter -
mined by the size of the mascon ap plied by CSR, is 1° × 1°. This 
means that GRACE data do not con tain phys i cal in for ma tion at
a spa tial scale finer than the orig i nal GRACE res o lu tion. To en -
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Fig. 3. Ex am ple of pro cessed TWS-GRACE se ries – over all se ries, sea sonal (sum of an nual and semi an nual os cil la tion)
os cil la tions, an nual os cil la tions, semi an nual os cil la tions, nonseasonal vari a tions, lin ear trend

https://doi.org/10.1109/MSPEC.1967.5217220


hance the spa tial res o lu tion of GRACE prod ucts, it is nec es sary 
to in cor po rate ad di tional high-res o lu tion in for ma tion. In this
study, we used a wa ter bal ance model, where TWS-WB es ti -
mates are a func tion of the vari ables P, ET and R. Both
TWS-GRACE and TWS-WB are ana lysed here in 1° × 1° grids
even though the data for the wa ter mass bal ance equa tion are
pro vided at a higher spa tial res o lu tion than GRACE.

To il lus trate the ef fect of the low res o lu tion of TWS-GRACE, 
even on a 1°×1° grid, TWS vari a tions were com pared with
TWS-WB us ing stan dard de vi a tions. The cal cu lated stan dard

de vi a tion val ues for the TWS-GRACE and TWS-WB time se -
ries for the 2012–2023 pe riod in the Bug Basin show clear spa -
tial dif fer ences (Fig. 5). TWS-GRACE (Fig. 5A) does not ex hibit
lo cal fea tures but is char ac ter ized by zonality re sult ing from the
method of data in ter po la tion. In con trast, TWS-WB (Fig. 5B)
dis plays spa tial het er o ge ne ity, log i cally re flect ing the non-uni -
for mity of wa ter cy cle trans for ma tions due to sur face prop er ties.

The scal ing fac tors de ter mined in this study, de rived from
the com par i son of wa ter bal ance es ti mates and TWS-GRACE
changes, ex hibit a clear spa tial ten dency (Fig. 6). Rel a tively
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Fig. 4. Ex am ple of pro cessed non-sea sonal TWS-GRACE se ries – non-sea sonal, non-sea sonal long-term and non-sea sonal
short-term

Fig. 5. Stan dard de vi a tions (in mm) of TWS changes over the pe riod be tween Jan u ary 2012 and De cem ber 2023 for the Bug
River ba sin: (A) TWS-GRACE data from CSR mascon so lu tion and (B) TWS-WB cal cu lated from ob ser va tional data of wa ter

bal ance com po nents



higher val ues of scal ing co ef fi cients (>1.0) are ob served in grid
cells lo cated in flat ar eas with op ti mal con di tions for land-based
re ten tion of rain fall wa ter. In these ar eas, the vari abil ity of the
ob served TWS-WB is high est, which, how ever, is not the case
for TWS-GRACE, thus re quir ing a sig nif i cantly higher value of
scal ing fac tor. In the up per Bug River in the up land ar eas the
scal ing fac tor val ues are the low est (<0.84), which in di cates that 
in these re gions the vari abil ity of TWS-GRACE is equal or even
higher than in the case of TWS-WB.

The scal ing co ef fi cient does not sig nif i cantly af fect the R2

value be tween TWS-GRACE and TWS-WB, but it causes a
pro por tional ad just ment of the am pli tudes de rived from GRACE 
in re la tion to those es ti mated based on the wa ter bal ance ap -
proach. The TWS-GRACE val ues af ter scal ing im proved the
con sis tency with TWS-WB, as in di cated by a lower RMSE. For
the en tire Bug River ba sin, the RMSE is 34.7 mm/month for
TWS-GRACE changes alone and 34.0 mm/month for TWS-
 GRACE af ter ap ply ing the scal ing co ef fi cient. The great est im -
prove ment is ob served in the up per course of the river in the
hilly area (from 38.0 to 36.9 mm/month). In the lower, low land
part of the Bug Ba sin, the TWS-GRACE changes with the scal -
ing co ef fi cient show only a slightly smaller dis crep ancy with
TWS-WB than the TWS changes with out scal ing (35.7 and 35.8 
mm/month, respectively).

COMPARISON OF TWS-GRACE AND TWS-WB

Fig ure 7 shows the TWS-GRACE and TWS-WB time se ries 
av er aged over the Bug River Ba sin for the pe riod 2012–2023,
while Fig ure 7 shows the changes in the cor re spond ing TWS
se ries av er aged for each sub se quent year. Dur ing the pe riod
ana lysed, both TWS-GRACE and TWS-WB se ries show a
down ward trend in an nual val ues (Fig. 8), with the long-term av -
er age TWS for the Bug River Ba sin be ing –1.78 mm/year ac -
cord ing to GRACE data and –7.58 mm/year ac cord ing to the
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Fig. 6. Scal ing fac tors com puted based on com par i son
be tween TWS-WB and TWS-GRACE

Fig. 7. Time se ries of TWS-GRACE (with and with out scal ing fac tors) and TWS-WB av er aged over the area of River Bug Ba sin
for the pe riod be tween Jan u ary 2012 and De cem ber 2023



wa ter bud get ap proach, with stan dard de vi a tions of 47.2 and
47.0 mm/year, re spec tively. The high est an nual av er age of
TWS (>60 mm/year) was re corded in 2013 and 2017, while the
low est (<–50 mm/year) oc curred in 2019 and 2020.

The sig nif i cance and mag ni tude of the down ward trend var -
ies de pend ing on the month (Ta ble 1). A slightly higher in ten sity
of the de crease in the warm sea son (from April to Sep tem ber),
when ET pre vails over P, com pared to the cold sea son (from
Oc to ber to March) is shown only by TWS-GRACE. More over,
TWS-GRACE is gen er ally char ac ter ized by a higher trend sig -
nif i cance than TWS-WB. The high est rate of de cline is ob -
served in sum mer and au tumn for both se ries, with the peak de -
crease for TWS-GRACE oc cur ring in June and Sep tem ber,
while for TWS-WB, it oc curs in Oc to ber.

In ter est ing re sults were ob tained by com par ing
month-to-month changes of TWS-GRACE (DTWS-GRACE)

and changes in land re ten tion (DTWS-WB; Fig. 9). A neg a tive
re ten tion value in di cates a wa ter def i cit, i.e. the dom i nance of
ET and R over P. Both time se ries show a di vi sion into a dry pe -
riod (from April to Sep tem ber) with neg a tive val ues, i.e. a de -
crease in wa ter re sources, and a wet pe riod (from Oc to ber to
March) – with pos i tive val ues. Clearly greater dis crep an cies be -
tween DTWS-GRACE and DTWS-WB are ob served in the dry
pe riod, with a max i mum in June, which may in di cate greater un -
cer tainty of GRACE mea sure ments at neg a tive DTWS val ues,
i.e., when there is less wa ter.

To ana lyse the con sis tency be tween TWS-GRACE and
TWS-WB, we drew scat ter plots and cal cu lated the co ef fi cient
of de ter mi na tion (R2) be tween the time se ries av er aged for the
en tire Bug River Ba sin, as well as for the Up per Bug and Lower
Bug re gions (Fig. 9). The re sults show gen er ally good agree -
ment be tween the se ries ob tained from GRACE data and from
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Fig. 8. Changes in TWS-GRACE and TWS-WB av er aged for each sub se quent year

T a  b l e  1

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



the wa ter bal ance equa tion. The R2 is 0.77, 0.73, and 0.76 for
the en tire Bug River Ba sin, Up per Bug, and Lower Bug, re spec -
tively (Fig. 10). Fig ure 10 also cor rob o rates that scal ing the
GRACE data has a greater im pact on the re sults in the Up per
Bug, whereas for the Lower Bug, the TWS-GRACE val ues be -
fore and af ter scal ing are al most iden ti cal. The agree ment be -
tween TWS-GRACE and TWS-WB is also slightly higher for the 
lower stretch of the river.

In the re main der of this sec tion we ana lyse the cor re la tion
co ef fi cients be tween TWS-GRACE and TWS-WB in in di vid ual
years (Fig. 11) and months (Fig. 12) sep a rately for the en tire
Bug River ba sin, its up land (up per) and low land (lower) parts.
For the Up per Bug, we ob served a slightly lower cor re la tion
than for the Lower Bug. Con sid er ing that TWS changes in the
Up per Bug are more sen si tive to pre cip i ta tion changes com -
pared to the Lower Bug, and that the pre cip i ta tion vari abil ity in
the Up per Bug is high, it can be con cluded that the lower agree -
ment be tween the GRACE data and the es ti mates from the wa -
ter bal ance equa tion is likely due to the in abil ity to cap ture
short-term pre cip i ta tion events with the monthly GRACE mea -
sure ment in ter val. Fur ther more, there is a no tice able de crease
in the cor re la tion co ef fi cient in 2018 and 2020. In the first case,
this was prob a bly a re sult of the in ter rup tion of GRACE ob ser -
va tions and the un cer tainty as so ci ated with fill ing in the miss ing
data. In 2020, the low cor re la tion was due to months with ex -
treme pre cip i ta tion and cor re spond ingly high TWS-WB val ues,
which were not cap tured in the GRACE mea sure ments.

The cor re la tion anal y sis for in di vid ual months in di cates
slightly worse agree ment be tween TWS-GRACE and TWS-WB 
in the Up per Bug than in the Lower Bug, par tic u larly in Feb ru ary
and June, when the cor re la tion co ef fi cient drops be low 0.7
(Fig. 12). In these months, the larg est dis crep an cies in pre cip i -
ta tion be tween the Up per and Lower Bug are ob served, which
are also ev i dent in the TWS-WB es ti mates. How ever, due to the 
low tem po ral and spa tial res o lu tion, the TWS-GRACE mea -
sure ments seem to fail to cap ture these fluc tu a tions, lead ing to
in creased dis crep an cies with re spect to the wa ter bal ance ap -
proach. The small est dis par ity be tween the re sults for the up per 
and lower stretches of the river was ob served in the win ter
months, when the DTWS val ues are high est (see Fig. 9). For
these months, we also gen er ally ob serve the high est agree -
ment be tween TWS-GRACE and TWS-WB, both for the whole
river ba sin and for its up per and lower stretches.

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

The as sim i la tion of P, ET, and R data into TWS-GRACE
helped com pen sate for the er rors in the GRACE so lu tion by in -
cor po rat ing higher-res o lu tion spa tial in for ma tion. The com par i -
son be tween the TWS-GRACE se ries with out fu sion and the
TWS-GRACE cor rected through fu sion with P, ET and R data
av er aged for the en tire Bug River Ba sin is shown in Fig ure 13.
Ta ble 2 il lus trates the com par i son of the min i mum, max i mum,
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Fig. 9. Dy nam ics of monthly DTWS-GRACE and DTWS-WB for the pe riod be tween Jan u ary 2012 and De cem ber 2023
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Fig. 10. Scatterplots of TWS-GRACE and TWS-WB for the en tire Bug River ba sin (A), Up per Bug River Ba sin (B)
 and Lower Bug River Ba sin (C) for the pe riod be tween Jan u ary 2012 and De cem ber 2023, to gether with co ef fi cients

 of de ter mi na tion (R2) and re gres sion equa tion
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Fig. 11. Cor re la tion co ef fi cients be tween TWS-GRACE and TWS-WB for the en tire Bug River Ba sin,
 and for the Up per Bug River Ba sin and Lower Bug River Ba sin for each year sep a rately

Fig. 12. Cor re la tion co ef fi cients be tween TWS-GRACE and TWS-WB for the en tire Bug River Ba sin, 
as well as for the Up per Bug River Ba sin and Lower Bug River Ba sin for each month sep a rately



and av er age TWS val ues for each year of the pe riod ana lysed.
It can be seen from Ta ble 2 that the ef fects of the fu sion in
TWS-GRACE are most ev i dent in the re duc tion of ~16% of the
orig i nal max i mum TWS val ues (ex cept for the years 2017, 2018 
and 2020), which re sults in a slight (~7%) de crease in the av er -
age value.

Fig ure 14 shows a com par i son of TWS-GRACE and
DTWS- GRACE with data fu sion for the dry pe riod, ob tained by
tak ing a me dian of val ues for the months of April-Sep tem ber
over the years 2012–2023. Ac cord ing to the cli ma tic con di tions
in this geo graph ical zone, DTWS is char ac ter ized by neg a tive
val ues, as ET losses ex ceed P. It can be ob served from Fig -
ure 14 that DTWS-GRACE af ter fu sion with P, ET, and R data
tends to adopt neg a tive val ues. The great est dif fer ences be -
tween DTWS-GRACE with data fu sion and DTWS-GRACE
with out data fu sion oc cur in the years 2017 and 2018, dur ing the 

gap be tween the end of GRACE op er a tion and the start of
GRACE-FO mea sure ments. This dem on strates the va lid ity of
fill ing the miss ing GRACE data through fu sion with P, ET and R
data, rather than us ing ARIMA. Years with no tice able dis crep -
an cies be tween DTWS-GRACE with and with out fu sion also in -
clude 2013, 2016 and 2020, dur ing which GRACE ob ser va tions 
re corded the low est DTWS val ues (not ex ceed ing
–15 mm/month). For small changes in TWS, the ac cu racy of
GRACE mea sure ments de creases. It is cur rently be lieved that
changes in wa ter stor age anom a lies can be de tected if their
mag ni tude ex ceeds 1.5 cm over an area of 200,000 km2

(Frappart et al., 2018).
In the wet pe riod (Oc to ber-March), a no tice able dif fer ence

in re sults is ob served be tween the GRACE (un til 2017) and
GRACE-FO (from 2018 on wards) pe ri ods (Fig. 15). In the first
case, the cor rec tion of DTWS-GRACE is al most al ways neg a -

Tatiana Solovey et al. / Geo log i cal Quar terly, 2025, 69, 16 13

T a  b l e  2

The min i mum, max i mum and av er age val ues of TWS-GRACE with out and with fu sion with P, ET and R data for each
year of the pe riod ana lysed

Fig. 13. Time se ries of orig i nal TWS-GRACE and TWS-GRACE val ues cor rected through fu sion with P, ET, and R data for the
Bug River Ba sin for the pe riod be tween Jan u ary 2012 and De cem ber 2023

https://doi.org/10.3390/rs10060829
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Fig. 14. Com par i son of DTWS-GRACE and DTWS-GRACE af ter fu sion with P, ET and R data for the dry pe riod (April-Sep tem ber)
for the Bug River Ba sin

Fig. 15. Com par i son of DTWS-GRACE and DTWS-GRACE af ter fu sion with P, ET and R data for the dry pe riod (Oc to ber-March)
for the Bug River Ba sin



tive, whereas dur ing the GRACE-FO mis sion, it is pos i tive.
Again, the larg est dif fer ence be tween DTWS with and with out
fu sion oc curs in the years when ob ser va tions were in ter rupted,
but in this case, only in 2018. Fur ther more, as in the dry pe riod,
the is sue of GRACE mea sure ment pre ci sion be comes ap par -
ent. The great est com pen sa tion is re quired for the year 2019,
which has the low est DTWS-GRACE value, fall ing out side the
de tec tion thresh old. Over all, ver i fi ca tion of TWS-GRACE cal cu -
la tions based on high-res o lu tion P, ET and R data sug gests that 
dur ing the wet pe riod, with larger am pli tude changes, this
method yields better re sults than in the dry sea son.

The spa tial cor re la tions be tween TWS-GRACE and
TWS-GRACE af ter fu sion with P, ET and R data are shown in
Fig ure 16. The high est con sis tency be tween se ries was re -
corded for the en tire area dur ing the years 2012–2014, cor re -
spond ing to the pe riod of the high est qual ity of GRACE mea -
sure ments. On the other hand, the years with the low est cor re -
la tions in clude 2017 and 2018, which lacked GRACE mea sure -
ments. The year 2020 also shows a dis tinctly lower cor re la tion,
fur ther con firm ing the in creased er ror in GRACE-FO data dur -
ing that time. Ad di tion ally, a slightly worse cor re la tion is no tice -
able in the up per part of the Bug River wa ter shed in the last
three years (2021–2023), sug gest ing that the scal ing fac tors
used in the GRACE so lu tion for this area di verge from the ac -
tual wa ter mass re dis tri bu tion pre dicted by the wa ter bal ance
equa tion. Over all, cor rect ing TWS-GRACE us ing fu sion with
high-res o lu tion data brings the most ben e fits dur ing years with
poor data qual ity or un avail abil ity of GRACE mea sure ments,

and in the up per part of the Bug River wa ter shed. In other
years, TWS-GRACE data gen er ally pro vide sat is fac tory re sults
(cor re la tion co ef fi cient with high-res o lu tion data above 0.9), and 
the cor rec tion mainly com pen sates for dis crep an cies due to the 
high tem po ral vari ance of P, which can not be cap tured with the
low tem po ral res o lu tion of GRACE.

The cor rec tion of the TWS-GRACE se ries by fu sion with
high-res o lu tion P, ET, R data no tice ably im proved the agree -
ment be tween TWS-GRACE and TWS-WB. For the Bug River
Basin, we ob tained a root mean square er ror (RMSE) equal to
34.7 mm/month for non-cor rected TWS-GRACE and
14.9 mm/month for TWS-GRACE af ter data fu sion. This con -
firms that the com bi na tion of GRACE data with high-res o lu tion
P, ET and R data al lows for a better fit to the ob served com po -
nents of the wa ter bal ance.

TWS VARIABILITY IN THE BUG RIVER BASIN IN 2012–2023

We now fo cus on the tem po ral vari abil ity of TWS in the Bug
River Ba sin. To do so, we ana lyse the TWS-GRACE time se -
ries (with and with out the fu sion with P, ET and R data) for var i -
ous os cil la tions. Fig ure 17 shows that over all TWS vari abil ity in
the Bug River Ba sin is pri mar ily dom i nated by sea sonal fluc tu a -
tions and trend. Al though a down ward trend is ob served over
the en tire pe riod, the mag ni tude and even the di rec tion of this
trend vary when shorter time in ter vals are con sid ered. For ex -
am ple, dur ing the 2012–2015 pe riod, neg a tive TWS trends are
the stron gest, fol lowed by a re ver sal to a pos i tive trend in
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Fig. 16. Cor re la tion co ef fi cients be tween TWS-GRACE and TWS-GRACE af ter fu sion with P, ET and R data for each grid cell
cov er ing the Bug River Ba sin



2016–2018, and then an other in ten si fi ca tion of neg a tive trends
in 2018–2020. Fi nally, from around early 2021, TWS trends are
close to zero (Ta ble 3). We also ob serve that dur ing the
GRACE mis sion pe riod (2012–2017), the TWS-GRACE se ries
for in di vid ual grids are al most iden ti cal, while dur ing the
GRACE-FO pe riod (af ter 2018), the spa tial vari abil ity of the
TWS-GRACE sig nal in creases, which is con sis tent with the
spa tial vari abil ity ob served for TWS-GRACE when data fu sion
is ap plied.

To ex am ine which pe ri odic os cil la tions are typ i cal for TWS
in the re gion stud ied, we plot ted the FFT am pli tude spec tra
(Fig. 18). This fig ure shows that the dom i nant os cil la tion is an -
nual (1 cy cle/year) with an am pli tude of ~50 mm. An other sig nif -
i cant os cil la tion is the 4-year cy cle (0.25 cy cle/year) with an am -
pli tude of ~40 mm. Two other os cil la tions with an am pli tude
greater than 10 mm in clude the 18-month (0.7 cy cle/year) and
2-year (0.5 cy cle/year) cy cles.

Due to the dom i nance of the an nual sig nal in TWS vari abil -
ity in the re gion ana lysed, we now fo cus on this os cil la tion, per -
form ing a de tailed anal y sis of the am pli tudes and phases of this

sig nal, cal cu lated us ing equa tions 6 and 7 (Fig. 19). The di a -
grams show that the am pli tudes of an nual os cil la tion for in di vid -
ual grids range from around 50 to 54 mm for TWS-GRACE with -
out fu sion and from 47 mm to 51 mm for TWS-GRACE with fu -
sion (Ta ble 4). Thus, data fu sion re sults in a slight de crease in
the an nual os cil la tion am pli tude by an av er age of 3 mm. The
phase val ues across all grids are rel a tively con sis tent for both
vari ants of TWS com pu ta tion. How ever, there are some dif fer -
ences in phases be tween GRACE-TWS with and with out data
fu sion. These dis crep an cies reach a max i mum of 12°, which
cor re sponds to ap prox i mately a 12-day de lay in the data with out 
fu sion com pared to those with data fu sion. How ever, con sid er -
ing the monthly tem po ral res o lu tion of the data ana lysed, this
shift is not sig nif i cant. For the area stud ied, the an nual sig nal
reaches its max i mum value in Feb ru ary and its min i mum value
in Au gust.

By re mov ing the sea sonal sig nal from the TWS se ries,
char ac ter ized in our case by a con stant am pli tude and phase,
we can fo cus on non-sea sonal vari a tions, which are cru cial for
iden ti fy ing ex treme TWS events. Fig ure 20 shows the time se -
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Fig. 17. Time se ries of TWS-GRACE for each grid com puted from GRACE data (A) and from fu sion of GRACE and P, ET, R data (B)

The thick black line rep re sents the se ries for the av er age across the en tire area

2012-01 to
2015-09

2015-09 to
2017-11

2017-11 to
2020-01

2020-01 to
2023-12

2012-01 to
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 fu sion –26.9±13.5 +82.3±21.8 –85.2±20.5 +3.8±13.6 –8.9±5.1

 T a  b l e  3

Val ues of lin ear trends (in mm/year) in TWS-GRACE for four dif fer ent pe ri ods, each char ac ter ized by dis tinct trend pat terns and
for the whole pe riod con sid ered
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Fig. 18. FFT am pli tude spec tra of TWS-GRACE for each grid com puted from GRACE data (A) and from fu sion of GRACE and P,
ET, R data (B). The thick black line rep re sents spec tra for the av er age across the en tire area

Fig. 19. Phasor di a grams of an nual os cil la tion for TWS-GRACE for each grid com puted from GRACE data (A) and from fu sion 
of GRACE and P, ET, R data (B)

T a  b l e  4

Max i mum, min i mum and av er age val ues of am pli tudes and phases of an nual os cil la tion for
TWS-GRACE with out and with data fu sion, and max i mum dif fer ences be tween am pli tudes and

phases ob tained from these two TWS es ti mates



ries of non-sea sonal TWS vari a tions for the Bug River Ba sin.
The fig ure re veals that the pat tern of non-sea sonal TWS
changes is con sis tent across the en tire ba sin. The most pro -
nounced TWS min i mum oc curs in the sec ond half of 2015,
likely driven by ex cep tion ally low pre cip i ta tion in the re gion that
year (Kundzewicz et al., 2018) and un usu ally high sum mer tem -
per a tures (Wypych et al., 2017). An other prom i nent min i mum
was re corded at the be gin ning of 2020. A study by Rakovec et
al. (2022) em pha sized that dur ing the pe riod 2018–2020, Eu -
rope ex pe ri enced a se ries of ex cep tion ally hot and dry weather
con di tions, which may have con trib uted to the ob served ex -
treme neg a tive change in TWS. The au thors iden ti fied this
drought as hav ing un prec e dented in ten sity and du ra tion of over 
two years (Rakovec et al., 2022).

In ad di tion to the vis i ble peaks of min ima in TWS changes,
max ima are also ob served in the Bug River Ba sin re gion, with
the first oc cur ring in May-June 2013 and the sec ond, stron ger
one in the sec ond half of 2017. The max ima largely re flect
above-nor mal pre cip i ta tion lev els in the re gion, which in ex -
treme cases led to flood ing. This was the case in 2013 when
flood ing af fected many coun tries in Cen tral Eu rope (Merz et al.,
2014). Al though the flood pri mar ily im pacted Ger many, the
Czech Re pub lic and Aus tria, in tense rain fall was also ob served
in Po land dur ing this pe riod. Me te o ro log i cal ob ser va tions
showed that also in 2017 pre cip i ta tion to tals ex ceeded the
long-term av er age in the ma jor ity of months (IMGW, 2021). An
anal y sis of non-sea sonal TWS changes shows that be tween

2012 and 2021, al ter nat ing anom a lous min ima and max ima in
TWS were ob served in the re gion, oc cur ring ap prox i mately ev -
ery two years (i.e., an ex cep tional in crease in TWS ev ery four
years, fol lowed by an ex cep tional de crease in TWS ev ery four
years). How ever, it is ap par ent that over the past four years, a
change has oc curred in this pat tern, and the ob served peaks of
min ima and max ima are no lon ger as pro nounced, which is re -
flected in the dis ap pear ance of the 4-year os cil la tion in the plot
of long-term non-sea sonal TWS vari a tions (Fig. 21).

In the era of cli mate change, there is a need to pre pare for
more fre quent and in tense ex treme weather events, such as
floods and droughts, which have re cently oc curred in quick suc -
ces sion (for ex am ple, in Po land in 2024, where a dry sum mer
was fol lowed by heavy au tumn rains, caus ing floods in the
south ern part of the coun try). Cli mate pro jec tions in di cate that
the Bug River Ba sin re gion will ex pe ri ence a no ta ble warm ing
trend through out the 21st cen tury. The SSP1 sce nario, which
as sumes sus tain able de vel op ment, pro jects that the mean an -
nual tem per a ture will rise by 2oC by the mid-21st cen tury and
then sta bi lize. How ever, the SSP5 sce nario, which ap pears to
be more re al is tic, sug gests a more dras tic tem per a ture in -
crease, po ten tially reach ing a 6oC rise by the end of the cen tury
(Snizhko et al., 2024b). At the same time, the work by Rakovec
et al. (2022) noted that fu ture drought events in Eu rope could
reach a com pa ra ble in ten sity to the ex cep tional 2018–2020
drought, but with sig nif i cantly lon ger du ra tions.

18 Tatiana Solovey et al. / Geo log i cal Quar terly, 2025, 69, 16

Fig. 20. Time se ries of non-sea sonal TWS-GRACE vari a tions for each grid com puted from GRACE data (A) and from fu sion 
of GRACE and P, ET, R data (B)

The thick black line rep re sents the se ries for the av er age across the en tire area
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DISCUSSION

GRACE data have rel a tively low spa tial res o lu tion, and this
also ap plies to mascon so lu tions, which dif fer from so lu tions
based on the clas si cal ap proach uti liz ing SH co ef fi cients in that
they do not re quire fil ter ing, thus avoid ing the risk of los ing part
of the ac tual sig nal. Al though mascon data are gen er ally more
re li able for re gional anal y ses, they do not con tain any ad di tional
geo phys i cal in for ma tion at higher res o lu tion com pared to SH
data.

There fore, we de vel oped a sta tis ti cal model for the fu sion of
TWS-GRACE with higher-res o lu tion P, ET and R data (Loomis
et al., 2019). The model as sumes that the value of TWS re sults
from the pro por tion be tween the pos i tive (P) and neg a tive (ET
and R) com po nents of the wa ter bal ance, and serves as a com -
pen sa tory com po nent (de ter mined by the im bal ance in the wa -
ter bal ance). The wa ter bal ance ap proach is widely used, trans -
par ent, and its ef fec tive ness in ana lys ing TWS and its driv ing
fac tors has been proven (Sahoo et al., 2011; Getirana et al.,
2014; Long et al., 2015). How ever, any in ac cu ra cies in the P,
ET, and R data will ac cu mu late in the wa ter bal ance clo sure and 
thus dis tort the ac tual TWS value (Li et al., 2023). There fore,
our model was de signed so that the sim u lated TWS is the re sult 
of the cor rec tion of TWS-GRACE only in part, re ferred to as the
“re sid ual,” based on a Least Squares Re gres sion model be -
tween the GRACE data and the wa ter bal ance clo sure.

The re li abil ity of sim u la tions in the de ter min is tic model ap -
plied is largely de pend ent on the ac cu racy of P, ET and R. Pre -

cip i ta tion, which is the most im por tant in put vari able, co mes
from the E-OBS da ta base, which is based on in-situ sta tion
data. This dataset is char ac ter ized by high qual ity in the tar get
area (Cornes et al., 2018). An other sig nif i cant de ter mi nant is
ET, which in the study area reaches val ues al most equal to P in
the wa ter bal ance. Nu mer ous pub li ca tions in di cated that ET is
as so ci ated with the great est un cer tainty (15–30%), also due to
the sparse net work of in situ sta tions (Rodell et al., 2004; Sahoo 
et al., 2011; Li et al., 2023). In light of the above con sid er ations,
the wa ter bal ance es ti ma tion of TWS is as so ci ated with un cer -
tainty. How ever, com pared to the in ter po la tion of raw GRACE
data, it pro vides better re sults for im prov ing the spa tial res o lu -
tion of GRACE, as it re lies on phys i cal data.

The lack of an in situ TWS mea sure ment equiv a lent makes
val i dat ing the GRACE sig nal a chal lenge. Be cause of this,
TWS-GRACE cor rected by fu sion with high-res o lu tion P, ET
and R data was com pared with TWS es ti mated from the wa ter
bal ance ap proach. Af ter the fu sion of GRACE data with P, ET
and R data, a no tice able im prove ment in agree ment with TWS
ob tained from the wa ter bal ance ap proach was achieved
(RMSE re duc tion from 34.7 to 14.9 mm/month). This is the first
at tempt to in crease the res o lu tion of TWS-GRACE us ing mea -
sure ment data of wa ter bal ance com po nents. With this ap -
proach, we dem on strate that TWS changes oc cur not only at
the ba sin scale but also in in di vid ual grid cells of the mea sure -
ment grid (Solovey et al., 2024).

The re sults ob tained, as pre dicted, show that TWS vari abil -
ity is dom i nated by pre cip i ta tion, par tic u larly in the up per part of
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Fig. 21. Time se ries of non-sea sonal long-term TWS-GRACE vari a tions for each grid com puted from GRACE data (A) 
and from fu sion of GRACE and P, ET, R data (B)

The thick black line rep re sents the se ries for the av er age across the en tire area
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the Bug Ba sin. There fore, in most cases, the cor rec tion of
TWS-GRACE in volved com pen sat ing for the large tem po ral
vari abil ity of pre cip i ta tion, which is not de tect able to the same
ex tent by GRACE. The great est ben e fits from the fu sion of
GRACE data with P, ET and R data were achieved in years with 
poor GRACE data qual ity (2020) or a lack of GRACE mea sure -
ments (2017, 2018). Dur ing these pe ri ods, the cor re la tion be -
tween TWS-GRACE and TWS-WB was in creased from
0.13–0.35 to 0.99 af ter fu sion with P, ET and R.

The im pact of data fu sion in TWS-GRACE is most ev i dent
in the cor rec tion of ex treme val ues. Max i mum val ues gen er ally
re quired re duc tion, while min i mum val ues re quired an in crease
(Ta ble 2). Ad di tion ally, the de vel oped model com pen sated for
the over es ti ma tion of the down ward trend in TWS-GRACE.
Wa ter bal ance ob ser va tions in di cate that in the dry sea son
(April-Sep tem ber), with ET ex ceed ing P, the down ward trend in
TWS is some what smaller, while in the wet sea son (Oc to -
ber-March), it is larger. Im por tantly, TWS-GRACE data show a
greater in ten sity of wa ter re source de ple tion than the wa ter bal -
ance cal cu la tions. It can not be ruled out that ground wa ter ex -
ploi ta tion con trib utes to this ef fect to some ex tent. This is sue re -
quires fur ther clar i fi ca tion in the fu ture, based on ground wa ter
mon i tor ing data.

CONCLUSIONS

Cen tral and South ern Eu rope is ex pe ri enc ing dry ing due to
in creased ET and air tem per a ture, de spite sta ble pre cip i ta tion
lev els. In the Bug River Ba sin, TWS de creased at a rate of
8.8±5.2 mm/year from 2012 to 2023, ac cord ing to GRACE ob -
ser va tions. To val i date this trend, we con ducted an anal y sis of
the spa tial and tem po ral mis match pat terns be tween
TWS-GRACE and es ti mates de rived from the wa ter bud get.
We ap plied en sem ble data as sim i la tion tech niques to in te grate
hydro meteoro logi cal data and TWS-GRACE. The re gres sion
mod els ob tained for sim u lat ing TWS were used to cor rect
TWS-GRACE. The re sults of the cal cu la tions show that TWS
fu sion ef fec tively com pen sates for the un cer tain ties in
TWS-GRACE re lated to low spa tial and tem po ral res o lu tion.
The cor re la tion anal y sis be tween TWS with data fu sion and
TWS-GRACE al lowed for the de tec tion of er rors in GRACE so -
lu tions and pop u lar autoregressive meth ods for fill ing gaps in
GRACE mea sure ments. The re sults dem on strate that the de -
vel oped model sig nif i cantly im proved the agree ment be tween
TWS-GRACE and TWS-WB (according to RMSE, from 34.7 to
14.9 mm/month).

Our data fu sion method which is based on com bin ing
GRACE data with P, ET and R, pro vides an al ter na tive to ex -
trap o lat ing TWS-GRACE time se ries be yond the GRACE mea -
sure ment pe riod. The re sults of our re search may also prove
use ful for downscaling GRACE data, as well as for spa tial and
tem po ral in ter po la tion, which has long been a chal lenge in wa -
ter re sources stud ies.

One of the key lim i ta tions of sat el lite gravimetry in as sess -
ing re gional TWS vari a tions is its rel a tively coarse spa tial res o -
lu tion, which re stricts its ap pli ca bil ity in small catch ments, es pe -
cially those with het er o ge neous to pog ra phy or com plex hy dro -
log i cal sys tems. As such, a log i cal next step is to pur sue the
downscaling of TWS-GRACE data us ing ad vanced al go rithms,
sup ported by high-res o lu tion model out puts and in situ ob ser va -
tions.

An other im por tant di rec tion for fu ture re search is the mon i -
tor ing of changes in ground wa ter stor age, which, in our study
area, ac counts for up to 70% of drink ing wa ter sup ply. In te grat -
ing downscaled GRACE-de rived data with high-res o lu tion in for -
ma tion on wa ter bal ance com po nents can en hance the mon i -
tor ing of these cru cial re sources, es pe cially in re gions where
the ground-based mon i tor ing net work is sparse or un evenly dis -
trib uted. More over, the ap pli ca tion of ad vanced tech niques, in -
clud ing ma chine learn ing meth ods, of fers the po ten tial not only
to en hance the un der stand ing of ground wa ter dy nam ics but
also to en able more ac cu rate fore cast ing, which is cru cial for
the sus tain able management of groundwater resources.
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