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Abstract: Earth’s crust deforms in various time and spatial
resolutions. To estimate them, geodetic observations are
widely employed and compared to geophysical models. In
this research, we focus on the Earth’s crust deformations
resulting from hydrology mass changes, as observed by
GRACE (Gravity Recovery and Climate Experiment) grav-
ity mission and modeled using WGHM (WaterGAP Global
Hydrological Model) and GLDAS (Global Land Data Assim-
ilation System), hydrological models. We use the newest
release of GRACE Level-2 products, i. e. RL06, provided by
the CSR (Center for Space Research, Austin) analysis cen-
ter in the form of a mascon solution. The analysis is per-
formed for the European area, divided into 29 river basins.
For each basin, the average signal is estimated. Then, an-
nual amplitudes and trends are calculated. We found that
the eastern part of Europe is characterized by the largest
annual amplitudes of hydrology-induced Earth’s crust de-
formations, which decrease with decreasing distance to
the Atlantic coast. GLDAS largely overestimates annual
amplitudes in comparison to GRACE and WGHM. Hydrol-
ogy models underestimate trends, which are observed by
GRACE. For the basin-related average signals, we also esti-
mate the non-linear variations over time using the Singu-
lar Spectrum Analysis (SSA). For the river basins situated
on the southern borderline of Europe and Asia, large inter-
annual deformations between 2004 and 2009 reaching a
few millimeters are found; they are related to high precipi-
tation and unexpectedly large drying. They were observed
by GRACE but mismodelled in the GLDAS and WGHM mod-
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els. Few smaller inter-annual deformations were also ob-
served by GRACE between 2002-2017 for central and east-
ern European river basins, but these have been also well-
covered by the WGHM and GLDAS hydrological models.

Keywords: GRACE, hydrological model, vertical displace-
ments, inter-annual signals

1 Introduction

The GRACE (Gravity Recovery and Climate Experiment)
twin satellites delivered changes in the Earth’s gravity field
from 2002 until 2017. 15 years of global data coverage en-
abled many geodetic interpretations in terms of hydrol-
ogy mass redistribution (e. g. [1, 8, 34, 36, 41, 50]). Scien-
tists compared GRACE-derived Total Water Storage (TWS)
with values obtained from hydrological models to decide
on the sensitivity of GRACE to changes of various TWS
components or assimilated them into hydrological mod-
els to improve the TWS estimates (e. g. [9, 39, 51]). To com-
pare GRACE and geophysical models’ outputs with other
geodetic techniques, as e. g. GPS (Global Positioning Sys-
tem), redistribution of masses has to be transformed into
the Earth’s crust deformations using load Love numbers.
GRACE/hydrological models versus GPS comparison has
been already widely performed (e.g. [4, 6, 11, 21, 25, 27,
47]). Authors focused mainly on seasonal signals being
similar to each other or reduced once GRACE-observed
or hydrologically-modeled values are removed from GPS
displacements [12, 15, 23, 24]. Klos et al. [19] showed that
hydrologically-induced deformations are also observed in
GPS displacements in short time periods. Han [16], Pan
etal. [26], Tiwari etal. [42], or Wu et al. [45] pointed that
hydrology loading affects Earth’s crust deformations not
only in the seasonal scale but also in the inter-annual
scale. These inter-annual deformations driven by hydrol-
ogy changes are also present in the GPS displacements. If
this is the case, they may affect GPS station velocities and
their uncertainties if not accounted for.

Examining various phenomena that contribute to the
Earth’s crust deformations as well as estimating their mag-
nitudes is a challenging task. Once all contributors are
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properly recognized, the sensitivity of various geodetic
techniques can be assessed. As a consequence, system-
atic errors of those techniques can be also examined. In
this research, we decided to focus on the Earth’s crust de-
formations, induced by hydrology loading. Our motiva-
tion is based on the fact that providing the magnitudes of
inter-annual deformations would be of a benefit for nu-
merous interpretations, where vertical displacements of
the Earth’s crust are taken into consideration. This may
apply for future GRACE versus GPS comparisons, or de-
ciding on the phenomena which induce long-term signals
present in the GPS displacements. This would also defi-
nitely help in interpretations of GPS station velocities and
understanding a broad range of phenomena which evoke
their uncertainties.

We focus on the inter-annual signals present in
hydrologically-induced vertical displacements provided
for the European area. Vertical displacements are esti-
mated using GRACE gravity observations and two hydro-
logical models, namely: Water GAP Global Hydrological
Model (WGHM) and Global Land Data Assimilation Sys-
tem (GLDAS) 2.1, Noah version. We estimate mean signals
within the major European river basins and subject them
to the Singular Spectrum Analysis (SSA) algorithm to es-
timate non-linear long-term changes. We show that large
non-linear signals are present in vertical hydrologically-
induced displacements for eastern Europe.

2 Datasets and methodology

We use vertical displacements induced by hydrological
changes estimated from three different datasets. Firstly,
the GRACE mascon solution is utilized. Then, two hydro-
logical models are employed, namely WGHM and GLDAS.
Both differ by a number and type of TWS components they
include.

2.1 GRACE mascon solution

Mass concentration blocks or so-called mascons represent
changes in the Earth’s gravity field. They can be used alter-
natively to spherical harmonic functions, having basically
a few advantages over them. First, geophysical constraints
applied within the mascon solution support noise filter-
ing. This is more rigorous than empirical methods used to
remove north-south stripes present in spherical harmonic
solutions. Besides better noise filtering, mascons also pre-
vent information leakage between land and ocean grids.
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This leads to coastal areas being better represented [33].
Here, we use GRACE Level-2 RLO6 (Release-06, RLO6) mas-
con solution provided in the form of monthly gridded TWS
values by the Center for Space Research (CSR) in Austin,
U.S. [33]. The solution spans from April 2002 until June
2017. The CSR mascon solution is chosen, as it contains
more signal variance than other GRACE solutions for corre-
sponding degrees and orders [22]. In the CSR solution, de-
gree 1 corrections were applied using GRACE TN13 values.
The C20 coefficients were replaced using estimates from
Satellite Laser Ranging (SLR). Glacial Isostatic Adjustment
(GIA) effect has been removed using the ICE6G_C (VMb5a)
model [28].

TWS changes observed by GRACE represent a sum of
all water storage components:

TWSgracg = CAN + SN + SM + GW + SW +ICE (1)

where components are abbreviated by, respectively, CAN:
plant canopy water storage, SN: snow water storage, SM:
soil moisture, GW: groundwater, SW: surface water and
ICE: water contained in glaciers.

We transform monthly gridded TWS values, provided
originally in 0.25° per 0.25° grid nodes, into spherical har-
monic coefficients C,,,,, and S,,,,, up to degree and order 120,
using [43]:

= I_QLH ” TWS(0,A)P,,,,(cos 0) cos(mA)do
- ’ ) )
Sum = g ” TWS(6, A)B,(cos §) sin(mA)do
o
{S }:3;7_W_1+k;, {@nm} ©)
Pe 2n+1 Sy,

where C,,, and S,,, are dimensionless components ex-
plained by Wahr etal. [43] within Eq. (11). The do term
equals to sin 6 dO dp and means the basic area element.
Constants p,, = 1000kg/m> and p, = 5496 kg/m> stand
for, a water density and a mean Earth’s density, respec-
tively. We use the methodology described by Farrell [10]
to estimate Earth’s crust deformations induced by changes
in mass load. We utilize here only vertical displacements,
which are computed by [44]:

o0 n
dr(6,¢) =R z Z P, (cos 6)(Cy,, cos(mA) + S,,,, sin(mA))
n=1m=0
h
1+k,

(4)

X

where R stands for Earth’s radius, 0 is colatitude, A is a lon-
gitude, P,,,, are fully normalized associated Legendre func-
tions for n degree and m order, C,,, and S,,,, are spherical
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Figure 1: Correlation coefficients between vertical displacements derived from different GRACE solutions, all provided by the CSR. Left: RL0O6
mascon solution versus RLO6 spherical harmonic coefficients smoothed with the DDK3 filter. Right: CSR RLO6 mascon solution versus CSR

RLO5 mascon solution.

harmonic coefficients of the time-variable Earth’s gravity
field relative to the average gravity field model GGMO5S
[29], R}, and k;, are the load Love numbers provided by Far-
rell [10]. Using Eq. (4), we estimate vertical displacements
in a 1° per 1° grid for European area, which we define by
longitudes between 10°W and 60°E and latitudes between
34°N and 80°N (Fig. 1).

To show the differences between mascon solutions
provided for the two consecutive releases: RLO5 and RLO6
(used here), and, also, between mascon solutions and
spherical harmonic coefficients, we use the CSR RLO5 mas-
con solution and the CSR RL06 spherical harmonic co-
efficients. For the CSR RLO5 mascon solution, degree 1
corrections were applied using GRACE TNO7 values. The
C20 coefficients were replaced using SLR estimates. The
GIA effect was removed using Geruo A etal. [13] model.
TWS changes derived for the CSR RLO5 mascon solu-
tion are then transformed into vertical displacements us-
ing Egs. (2-4). For the CSR RLO6 spherical harmonic co-
efficients, we applied degree 1 corrections using TN13
[40] and we replaced the C20 coefficients using SLR es-
timates. We also removed the average gravity field using
the GGMO5S model, to stay consistent with the mascon
solution. The DDK3 filter was used to reduce the north-
south stripes [20]. Finally, the GIA effect was removed us-
ing Geruo A etal. [13] model. Spherical harmonic coeffi-
cients were then transformed into vertical displacements
using Eq. (4).

We computed correlation coefficients between verti-
cal displacements estimated in every 1° per 1° grid node
for all types of observations we used. Correlation coeffi-
cients estimated between vertical displacements obtained
from spherical harmonic coefficients and mascon solution
in grid nodes are the smallest for coastal areas and they

approach 1inland (Fig. 1). There is a clear ocean-land leak-
age in spherical harmonic solution. This can be also ob-
served for the Baltic coast, where the smallest correlation
coefficients are noticed for Scandinavia. Comparing two
mascon solutions, i.e. RLO5 versus RL06, we notice the
largest differences between them along the Atlantic coast.
The difference between both solutions is mainly seen for
Portugal and Spain, for which correlation coefficients de-
crease to 0.75. Differences between RLO5 and RLO6 CSR
mascon solutions arise probably from the definition of a
mascon. Mascons from coastal areas that covered both
ocean and land in the RLO5 version are divided in the RL06
version into two separate areas. Owing to that, better sig-
nal representation has been achieved. Moreover, for the
RLO6 solution, the recent background models for atmo-
spheric and oceanic impact have been employed. Also, de-
gree 1 coefficients and C20 parameter have been re-defined
[32, 33].

2.2 WGHM hydrological model

We make use of the WGHM global hydrological model de-
veloped at the University of Frankfurt. Version 2.2 of the
WaterGAP model, which we use, contains information on
CAN, SN, SM, GW and SW parameters (Tab. 1). Addition-
ally, it is also supplemented with data about irrigation,
animal breeding, household water usage (households and
small businesses), industry, and power plant layers from
five different global models. The model has also been im-
plemented to provide information on ground and surface
waters and water exchange between them (GWSWUSE,
GroundWater Surface Water USE) [7]. Five different un-
certainty sources have been identified in WaterGAP: cli-
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Table 1: Different TWS components detected by GRACE satellites,
and included in the WGHM and GLDAS hydrological models.

TWS= CAN SN SM GW SW ICE
GRACE + + + + + +
WGHM + + + + + -

GLDAS Noah  + + + - - -

mate forcing, land cover, model structure, human water
use, and data calibration with concerning observed wa-
ter discharge. The largest uncertainties are caused by the
climate forcing parameter. The water parameter related
to human activities leads to differences between various
model versions. We use the variant IRR70, which assumes
a deficit in irrigation. WaterGAP 2.2 has a 0.5° per 0.5°
spatial resolution and spans from April 2002 to Decem-
ber 2016 which is almost the same as the GRACE observa-
tion period. Therefore, we retrieve WGHM observations for
the GRACE months, including also data gaps by removing
observations for which GRACE data is missing. The TWS
WGHM values are expressed by:

TWSyem = CAN + SN + SM + GW + SW (5)

They were transformed into vertical displacements using
Egs. (2-4) in a 1° per 1° grid.

2.3 GLDAS Noah hydrological model

We use the monthly GLDAS Noah 2.1 [30] hydrology model
with a spatial resolution of 0.25° per 0.25°. Observa-
tions from the GLDAS model are available from January
1979 until the present. The TWS estimates from GLDAS
Noah include three main compartments, such as CAN,
SM and SN. In the GLDAS Noah model, no ice sheet flow
and mass balance were included; Antarctica and Green-
land have been excluded from computations. Moreover,
GLDAS-types of hydrology loading do not include surface
water and groundwater compartments (Tab. 1). According
to the above, the TWS GLDAS Noah values are estimated
by:

TWSGLDAS = CAN + SM + SN (6)

and are then transformed into vertical displacements us-
ing Egs. (2-4) ina 1° per 1° grid. These have been estimated
for the GRACE period, including also data gaps. In compar-
ison to WGHM, the GLDAS model contains less hydrologi-
cal layers. It does not include surface water layer, ground-
water, and any information on irrigation.
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2.4 European river basins

We distinguished the main river basins in Europe using
the United Nations (UN) Global Compact initiative datasets
(Fig. 2). We make use of catchments of areas larger than
50 000 km?. In this way, we include 29 basins, from which
Rhine, Danube, Dniepr, Vuoksi-Neva, Northern Dvina,
Volga, Don, Kura-Ozero Sevan, and Tigris Euphrates rivers
are the largest; their areas are larger than 150 000 km?.
For each catchment, we estimate a mean vertical displace-
ment based on GRACE RLO6 mascon solution, WGHM, and
GLDAS datasets (Fig. 3). This is performed by stacking 1°
per 1° grid nodes included in a certain basin and estimat-
ing a mean signal plus its standard deviation, showing a
spatial variability within the basin. Those mean signals are
then analyzed, as described in a Methodology section.

2.5 Methodology

To characterize changes of hydrology-induced deforma-
tions within individual river basins, we employed the
Least-Squares Estimation (LSE) and Singular Spectrum
Analysis (SSA) algorithms. The LSE is used to provide the
estimates of trend and annual amplitudes within each
catchment, basing on the average deformations. For this
purpose, we employ the following time series model:

2
x(t)=xy+b-t+ Z[Si -sin(w;t) + C; - cos(w;t)]  (7)
i=1
where x,, is the initial value, b is the mean trend, S; and C;
are the sine and cosine terms of annual and semi-annual
signals.

Then, average deformations for each basin were sub-
jected to the SSA algorithm. The application of SSA to the
analysis of geodetic time series has been already exten-
sively described in many papers (e. g. [3, 5, 14, 48] or [52]).
The SSA allows estimating of signals which parameters
may vary over time. It means that trends estimated with
the SSA will no longer be linear, which is not provided with
the LSE method. Also, amplitudes and phases of seasonal
curves may change from year to year.

The SSA algorithm consists of two basic steps: decom-
position and reconstruction. In a decomposition step, the
vector of observations {X(t) : t = 1,..., N} is decomposed
into a few sub-vectors of the length M. M stands here for
the length of the moving window which slides along the
whole time span of data, i. e. month-by-month. In this way,
the trajectory vector is obtained:

X(t) = [X(),X(t+1),.... Xt +M-1)]" )

Individual sub-vectors are indexed by ¢ = 1,...,N', where
N =N-M-1.
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River basins:
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Figure 2: European river basins of areas larger than 50 000 km?.
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Figure 3: Mean signal estimated for three European catchments,
basing on the grid nodes included in the individual catchment. The
mean signal is estimated by stacking 1° per 1° grid nodes included
in a certain basin. Presented are Loire, Danube, and Volga basins.
The mean signal is provided along with its spatial standard devi-
ation of all 1° grid cells within the river basin, plotted as a shaded
area. This shaded area is understood as a spatial variability within
the basin. Note the change in vertical scale for individual basins.

Then, the lag-covariance matrix C, is computed using
the Broomhead and King [3] algorithm:
1
Ci= 7DD ©)
where D is the product of the trajectory matrix. Further, the
lag-covariance matrix C, is decomposed into a set of eigen-
vectors and eigenvalues. Eigenvectors are also known as
the Empirical Orthogonal Functions (EOFs). A sum of all
eigenvalues allows reconstruction of the total variance
of the original observations. Eigenvalues are sorted in a
decreasing order. Then, eigenvectors which correspond
to those eigenvalues are estimated and Principal Compo-
nents (PCs) are obtained as:

M
Aty = Y X(t+j-DEc() for0O<i<N-M
j=1

(10)

Since eigenvalues were sorted in a decreasing order, PCs
we estimate are sorted according to the amount of total
variance of the original observations they explain, e. g. the
first PC explains the maximum amount of variance. Based
on the PCs and EOFs, Reconstructed Components (RCs) are
estimated using:

~ | —

t
Y At - j + DE(t)
j=1
fori<t<M-1

1 M
i Y Ay(t - j + DE(t)

Rty = 1 M5 ()
forM<t<N
1 M
—_— A (t-j+1E
Noir1. 2 A=+ DE(®

j=t—-N+M
forN'<t<N
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We tested various lengths of time moving windows and
we finally adopted a 2-year moving window. This length of
time window enables that inter-annual signals of periods
longer than 2 years are reliably estimated. For longer time
windows, inter-annual signals are not well pronounced,
i. e. signals are too smoothed.

Principal components PCs are sorted according to the
decreasing amount of variance they explain, i. e. the first
PC explains the maximum variance of the original time
series. We applied the Welch periodogram to derive peri-
ods of individual PCs. For the European river catchments,
inter-annual and annual signals are always contained in
the first four PCs. It means that these signals are the most
powerful signals contained in the vertical deformations in-
duced by hydrology changes. The first four PCs are then
combined, according to the period they represent. In this
way, annual and inter-annual reconstructed components
RCs are obtained.

3 Results and discussion

Vertical displacements induced by hydrological loading
are not constant over time, which can be noticed from the
average signals estimated for individual catchments. The
ones we present in Figure 3 were chosen randomly. The
Loire river basin is situated in western Europe. For this
basin, annual amplitudes estimated for GRACE, WGHM
and GLDAS Noah are similar to each other with no clear
long-term trend being noticed. Danube and Volga rivers
are situated in central and eastern parts of Europe. For
these, the differences in annual amplitudes from year to
year can be noticed. There also exist changes in a long-
term trend, with evident jumps occurring in 2006 and
2010 for, respectively, Danube and Volga rivers. From this
simple plot, we can conclude that the time-variability of
hydrology-induced deformations is changing depending
on the area. Central and eastern parts of Europe are known
to be affected by larger signals related to continental hy-
drosphere than western coastal parts [39]. Hydrological
signals are more prominent for eastern areas in terms of ei-
ther annual amplitudes or time-variability of the long-term
trend, which can be noticed from Figure 3.

The above statement is also supported by the root-
mean-square (RMS) values estimated for average signals
provided for individual basins (Fig.4). The RMS values
are quite similar for GRACE- and WGHM-derived defor-
mations, while they are larger for those provided for the
GLDAS hydrology model. The RMS values are significantly

DE GRUYTER

RMS values, GRACE
CSR MAS RL06 (mm)

RMS values
WGHM (mm)
70°
6

RMS values
GLDAS (mm)

Figure 4: Root-mean-square (RMS) scatter (mm) estimated within
river basins for average vertical displacements. These were derived
from GRACE CSR RLO6 mascon solution (top), WGHM hydrological
model (middle), and GLDAS hydrological model (bottom).

larger for eastern Europe than they are for remaining ar-
eas. It was also presented by Scanlon et al. [35] or Springer
etal. [39]. The RMS values are mainly influenced by the
annual signal which overwhelms and covers other signals
within displacement time series; note the similarity be-
tween results presented in Figure 4 and Figure 5. It can
also be observed between results presented in Figure 4
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Figure 5: Annual amplitudes (mm) estimated within river basins for
average vertical displacements. These were derived from GRACE
RLO6 mascon solution (top), WGHM hydrological model (middle),
and GLDAS hydrological model (bottom).

and Figure 6, especially for southeastern Europe, where
the trend estimated from GRACE-derived displacements is
well-pronounced.

Annual amplitudes and their distribution over the Eu-
ropean area are similar to the results presented before
by Jin [18] and Scanlon etal. [37]. If the GRACE solu-
tion is treated as a reference, we notice that the WGHM
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Trends CSR MAS
RLO& (mm/yr)

-10° 0 1

Trends WGHM
(mm/yr)

40°

Trends GLDAS
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Figure 6: Trend values (mm/yr) estimated for vertical displacements
averaged within river basins. These were derived from GRACE RL06
mascon solution (top), WGHM hydrological model (middle), and
GLDAS hydrological model (bottom).

model overestimates annual amplitudes for central Eu-
rope (Fig. 5), noticed before by Scanlon etal. [36]. It also
underrates changes observed by GRACE in basins for
southern European areas, as Tigris Euphrates, Kura-Ozero
Sevan, Sakarya, and Kizilirmak river basins. Land surface
models (LSMs), i. e. GLDAS, overestimate seasonal ampli-
tudes in high latitudes [35, 37], compared to the WGHM



400 — A.Llenczuketal., Study on the inter-annual hydrology-induced deformations in Europe

DE GRUYTER

Table 2: Trend values (in mm/yr) estimated for European river basins with the LSE approach. Grey shaded rows correspond to the “red” and

“yellow” rivers from Figure 7.

RIVER BASIN GRACE WGHM  GLDAS RIVER BASIN GRACE WGHM  GLDAS
DANUBE 0.22 -0.04 0.07 NEMAN 0.16 -0.14 0.01
DNIEPR 0.42 -0.03 0.15 NORTHERN DVINA 0.23 -0.17 0.06
DNIESTR 0.38 -0.03 0.15 ODER 0.13 -0.12 0.01
DON 0.64 0.07 0.25 ONEGA 0.18 -0.24 0.02
DOURO -0.02 -0.05 0.00 PO 0.15 -0.11 -0.01
EBRO 0.00 -0.02 0.01  RHINE 0.19 -0.17 -0.04
ELBE 0.12 -0.13 0.00 RHONE 0.13 -0.11 -0.05
GARONNE 0.04 -0.07 -0.01  SAKARYA 0.24 0.12 0.06
GUADIANA -0.06 0.17 -0.01  SEINE 0.14 -0.08 -0.07
KEMIJOKI 0.18 -0.56 —-0.09  TIGRIS EUPHRATES 0.72 0.44 0.16
KIZILIRMAK 0.31 0.16 0.09 VOLGA 0.38 -0.10 0.12
KUBAN 0.53 0.18 0.20 VUOKSI NEVA 0.12 -0.30 -0.03
KURA-OZERO SEVAN 0.91 0.30 0.21 WESTERN DVINA 0.14 -0.14 0.02
LOIRE 0.07 -0.14 -0.06  WISLA 0.19 -0.10 0.04
NARVA 0.02 -0.17 -0.03

estimates. This is visible in Figure 5, where the GLDAS
Noah model significantly revalues annual amplitudes by
even 3 mm for east European river basins. This revaluation
of amplitude values in the GLDAS model is attributed to
the combined effect of mismodelling of SN in winter and
SM in summer. This might be also related to the overesti-
mates of evapotranspiration in GLDAS Noah compared to
other GLDAS versions, as CLM, VIC, and Mosaic [49]. Scan-
lon et al. [37] showed that previous versions of the GLDAS
model agree better with GRACE observations.

Linear trends estimated for GRACE-derived dis-
placements with the LSE approach vary from -0.06 to
+0.91 mm/yr (Fig. 6, Tab. 2). Positive values relate to lesser
water stored in the catchment, while negative values cor-
respond to more water being accumulated. Almost all
river basins we analyze are characterized by positive
trends. The largest values (>0.2mm/yr) are observed for
Danube, Dniestr, Northern Dvina, Volga, Dniepr, Kuban,
Kizilirmak, Sakarya, Don, Kura-Ozero Sevan, and Tigris
Euphrates; all these river basins are situated in central
and eastern Europe. These large positive trends indicate
that coastal areas of the Black Sea and Arabian Peninsula
are drying, which is also showed by Scanlon etal. [37].
A positive trend values are the result of abnormal ground-
water depletion and droughts [15, 31] and by precipitation
changes in eastern Europe [17, 31]. These values are sim-
ilar to the ones presented by Humprey etal. [17], Jin [18],
Rodell et al. [31] and Scanlon et al. [35, 36].

Trends found by the LSE for GRACE displacements
are underestimated by both hydrological models we em-
ployed. WGHM trends are slightly negative for almost all
river basins we considered. Significantly negative trends

derived from the WGHM model for Finland and Russia are
caused by the overestimation of precipitation [37]. Only
small positive trends are retrieved for the east coast of
the Black Sea and the Arabian Peninsula. For the GLDAS
model, the European area is divided into halves. Central
and eastern parts are characterized by positive trends,
while western areas are characterized by negative trend
values. From this perspective, we can say that geophysical
models underestimate trends derived from the GRACE ob-
servations. This may limit the comparison between them,
and also a combined comparison to other geodetic tech-
niques, as GPS.

Trends presented so far were estimated using the LSE
approach assuming their time-constancy. To get an idea of
how these may differ and change over the years, we use the
SSA algorithm. The inter-annual signals we obtain are a
combination of corresponding reconstructed components
retrieved from EOFs. These are sorted according to the vari-
ance of the original time series they explain. Basing on
that variance, we can state that the percentage of time
series variance explained by inter-annual signals for the
GRACE-derived vertical displacements exceeds the vari-
ance explained by the annual signal for basins: Dniepr,
Dniestr, Don, Guadiana, Kuban, Kura-Ozero Sevan, Tigris
Euphrates, and Volga. In other words, for these basins
inter-annual changes are more powerful than the annual
signal itself, i.e. they explain the maximum amount of
variance of the original time series. This is however no
longer observed for WGHM and GLDAS, for which the
largest part of time series variance is explained by the
annual signal. There are two exceptions for the WGHM
displacements; Kura-Ozero Sevan and Tigris Euphrates
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basins have prominent inter-annual changes. Figure 7
presents a comparison of inter-annual signals for Euro-
pean river basins we analyze. Plotted are GRACE, WGHM,
and GLDAS estimates. Comparing all three plots, it is obvi-
ous that GRACE-derived displacements are characterized
by the largest inter-annual signals and, also, the most ap-
parent trends. There is a distinct drop in the vertical dis-
placements noticed between 2004 and 2006 (Fig. 7). Then,
Earth’s crust is recovering and strongly uplifting up to
20009. This is observed for all eastern European rivers, i. e.
Tigris Euphrates, Kuban, Kura-Ozero Sevan, Don, Kizilir-
mak, Sakarya, Dniestr, Danube, and Dniepr. Central Euro-
pean rivers, i. e. Volga, Vuoksi-Neva, Narva, Western Dv-
ina, Neman, Wisla, and Oder, have similar down- and up-
lifting, but this recovers faster of three years; it lasts from
2004 until 2006 (Fig.7). To prove that long-term trends
are mismodelled by both WGHM and GLDAS, we use the
same colors and mark those rivers on WGHM and GLDAS
plots. From these, we can notice that the large down- and
uplifting of the Earth’s crust, which has been retrieved
from GRACE is not covered by any of the two models
we analyzed. Also, trends that dominate GRACE displace-
ments are mismodelled. Few inter-annual peaks observed
by GRACE in 2002, 2006, 2012, and 2014 are covered well
by both WGHM and GLDAS models. As they are retrieved
by GLDAS, it may be concluded that these variations are
mostly generated by changes in SM. Other compartments
included in the GLDAS should not be so prominent. CAN is
constant and including this compartment brings no differ-
ence to the TWS values and it is also hardly detectable by
GRACE. The SN may be considered only for northeastern
areas of Europe, as Onega or Northern Dvina river basins.

4 Conclusions

In this study, we showed the analysis of hydrology-
induced deformations over the European area. Both
GRACE-observed and WGHM- and GLDAS-modelled de-
formations were analyzed. We found that GLDAS overes-
timates the seasonal changes, in comparison to GRACE
observations and WGHM model. This has been also al-
ready noticed by Blitzkow et al. [2] and Sliwinska et al. [38].
Both GLDAS and WGHM models underestimate trends ob-
served by GRACE, shown also by Scanlon etal. [36], but
for a global scale. We used the SSA algorithm to estimate
inter-annual signals in the displacement time series from
GRACE, WGHM, and GLDAS. For that, we observed that the
eastern part of Europe is characterized by large long-term
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Figure 7: Inter-annual signals estimated with the SSA algorithm for
European river catchments for vertical displacements derived from
GRACE observations (top), WGHM (middle), and GLDAS (bottom)
hydrological models. The following river basins are plotted in (1)
red: Tigris Euphrates, Kuban, Kura-Ozero Sevan, Don, Kizilirmak,
Sakarya, Dniestr, Danube, Dniepr, and (2) yellow: Volga, Vuoksi-
Neva, Narva, Western Dvina, Neman, Wisla, and Oder.

non-linear variations present in the displacement time se-
ries, captured by all three datasets. We discovered, how-
ever, that GRACE observations contain also large subsi-
dence and recovering between 2004 and 2009, which is
unmodelled in both WGHM and GLDAS. This is probably
related to the high precipitation period, happening in Eu-
rope in 2004. Once this precipitation period stopped in
2005, a constant uplift is observed, up to present.

Analysis of such long-term non-linearities is possible
thanks to a long and reliable time series provided by the
GRACE mission. These time series are compared with other
techniques, as GPS, to decide whether these are sensi-
tive to hydrological mass changes or not. Inter-annual sig-
nals will limit the commonly performed GRACE versus GPS
comparison, when not accounted for. It also needs to be in-
vestigated whether GPS European stations are sensitive to
those inter-annual deformations.

Acknowledgment: We are grateful to CSR for providing
GRACE Level-2 observations in the form of a mascon so-
lution through: http://www?2.csr.utexas.edu/grace/ web-
site, to Goddard Earth Sciences Data and Information Ser-
vices Center (GES DISC) for providing GLDAS Noah hydrol-
ogy loading model through https://disc.gsfc.nasa.gov/
website, to UN Global Compact initiative for provid-


http://www2.csr.utexas.edu/grace/
https://disc.gsfc.nasa.gov/

402 — A.Lenczuketal., Study on the inter-annual hydrology-induced deformations in Europe DE GRUYTER

ing the Interactive Database of the World’s River Basins
through: http://riverbasins.wateractionhub.org/ web-
site. WGHM model has been provided by the University
of Frankfurt after personal contact, DOI: 10.5194/hess-
18-3511-2014. For spherical harmonics we use, degree
1 corrections and C20 coefficients have been down-
loaded from: https://podaac-tools.jpl.nasa.gov/drive/
files/allData/grace/docs/TN-13_GEOC_CSR_RLO6.txt and
http://download.csr.utexas.edu/pub/slr/degree_2/. Maps
were drawn in the Generic Mapping Tools software [46].

Funding: This research was financed by the National
Science Centre, Poland, Grant no. UM0-2017/25/B/ST10/
02818.

References

[1] BaiP, LiuX, Liu C. Improving hydrological simulations
by incorporating GRACE data for model calibration.

Journal of Hydrology 557 (2018), 291-304. DOI:
10.1016/j.jhydrol.2017.12.025.

[2] Blitzkow D, Matos ACOC, Campos |0, Fonseca ES, Almeida
FGV, Barbosa ACB. Water level temporal variation analysis at
Solimdes and Amazons river. In: Mertikas SP (ed.) Gravity,
Geoid and Earth Observation. International Association of
Geodesy Symposia. Springer, 2008.

[3] Broomhead D, King GP. Extracting qualitative dynamics from
experimental data. Physica D: Nonlinear Phenomena 20 (1986)
217-236. DOI: 10.1016/0167-2789(86)90031-X.

[4] Chanard K, Fleitout L, Calais E, Rebischung P, Avouac
JP. Toward a global horizontal and vertical elastic load
deformation model derived from GRACE and GNSS station
position time series. Journal of Geophysical Research: Solid
Earth 123(4) (2018), 3225-3237. DOI: 10.1002/2017)B015245.

[5] Chen Q,van Dam T, Sneeuw N, Collilieux C, Weigelt M,
Rebischung P. Singular spectrum analysis for modeling
seasonal signal from GPS time series. Journal of Geodynamics
72 (2013), 25-35. DOI: 10.1016/].jog.2013.05.005.

[6] DillR, Dobslaw H. Numerical simulations of global-scale
high-resolution hydrological crustal deformations. ).
Geophys. Res. Solid Earth 118 (2013), 5008-5017. DOI:
10.1002/jgrb.50353.

[71 DOl P, Hoffmann-Dobrev H, Portmann FT, Siebert S, Eicker
A, Rodell M, Strassberg G, Scanlon BR. Impact of water
withdrawals from groundwater and surface water on
continental water storage variations. Journal of Geodynamics
59-60 (2012), 143-156. DOI: 10.1016/].jog.2011.05.001.

[8] EickerA, Forootan E, Springer A, Longuevergne L, Kusche J.
Does GRACE see the terrestrial water cycle ‘intensifying’?
Journal of Geophysical Research Atmospheres 121 (2016),
733-745. DOI: 10.1002/2015)D023808.

[9]1 Eicker A, Schumacher M, Kusche J, D61l P, Schmied HM.
Calibration/data assimilation approach for integrating GRACE
data into the WaterGAP Global Hydrology Model (WGHM) using

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

an ensemble Kalman filter: first results. Surveys Geophysics 35
(2014), 1285-1309. DOI: 10.1007/510712-014-9309-8.

Farrell WE. Deformation of the Earth by surface loads.
Reviews of Geophysics 10(3) (1972), 761-797. DOI:
10.1029/RG010i003p00761.

Ferreira VG, Liu Z, Montecino HC, Yuan P, Kelly Cl, Mohammed
AS, Han LY. Reciprocal comparison of geodetically sensed
and modeled vertical hydrology loading products.

Acta Geodaetica et Geophysica 53 (2020), 23-49. DOI:
10.1007/s40328-019-00279-z.

Ferreira VG, Montecino HD, Ndehedehe CE, del Rio RA, Cuevas
A, de Freitas SRC. Determining seasonal displacements

of Earth’s crust in South America using observations

from space-borne geodetic sensors and surface-loading
models. Earth, Planets and Space 71 (2019), 84. DOI:
10.1186/540623-019-1062-2.

Geruo A, Wahr J, Zhong S. Computations of the viscoelastic
response of a 3-D compressible Earth to surface loading:

an application to Glacial Isostatic Adjustment in Antarctica
and Canada. Geophysical Journal International 192 (2013),
557-572. DOI: 10.1093/gji/ggs030.

Gruszczynska M, Klos A, Gruszczynski M, Bogusz ).
Investigation of time-changeable seasonal components in
the GPS height time series: A case study for Central Europe.
Acta Geodynamica et Geomaterialia 13 (2016), 281-289. DOI:
10.13168/AGG.2016.0010.

GuY, Fan D, You W. Comparison of observed and

modeled seasonal crustal vertical displacements

derived from multi-institution GPS and GRACE solutions,
Geophysical Research Letters 44 (2017), 7219-7227. DOI:
10.1002/2017GL074264.

Han S-C. Elastic deformation of the Australian continent
induced by seasonal water cycles and the 2010-2011

La Nifia determined using GPS and GRACE. Geophysical
Research Letters 44(6) (2017), 2763-2772. DOI:
10.1002/2017GL072999.

Humphrey V, Gudmundsson L, Seneviratne SI.

Assessing global water storage variability from GRACE:
trends, seasonal cycle, subseasonal anomalies and
extremes. Survey Geophysics 37 (2016), 357-395. DOI:
10.1007/510712-016-9367-1.

Jin S. Satellite gravimetry: mass transport and redistribution in
the Earth system. Geodetic Sciences — Observations, Modeling
and Applications (2013). DOI: 10.5772/51698.

Klos A, Karegar MA, Kusche J, Springer A. Quantifying

noise in daily GPS height time series: harmonic function
versus GRACE-assimilating modeling approaches. IEEE
Geoscience and Remote Sensing Letters (2020). DOI:
10.1109/LGRS.2020.2983045.

Kusche J, Schmidt R, Petrovic S, Rietbroek R. Decorrelated
GRACE time-variable gravity solutions by GFZ, and their
validation using a hydrological model. Journal of Geodesy

83 (2009), 903-913. DOI: 10.1007/s00190-009-0308-3.
Larochelle S, Gualandi A, Chanard K, Avouac J-P. Identification
and extraction of seasonal geodetic signals due to surface
load variations. Journal of Geophysical Research: Solid Earth,
123 (2018), 11031-11047. DOI: 10.1029/2018)B016607.
Lenczuk A, Leszczuk G, Klos A, Bogusz J. Comparing variance
of signal contained in the most recent GRACE solutions.
Geodesy and Cartography 69(1) (2020), 19-37. DOI:
10.24425/gac.2020.131084.


http://riverbasins.wateractionhub.org/
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/TN-13_GEOC_CSR_RL06.txt
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/TN-13_GEOC_CSR_RL06.txt
http://download.csr.utexas.edu/pub/slr/degree_2/
https://doi.org/10.1016/j.jhydrol.2017.12.025
https://doi.org/10.1016/0167-2789(86)90031-X
https://doi.org/10.1002/2017JB015245
https://doi.org/10.1016/j.jog.2013.05.005
https://doi.org/10.1002/jgrb.50353
https://doi.org/10.1002/2015JD023808
https://doi.org/10.1007/s10712-014-9309-8
https://doi.org/10.1029/RG010i003p00761
https://doi.org/10.1007/s40328-019-00279-z
https://doi.org/10.1186/s40623-019-1062-2
https://doi.org/10.1093/gji/ggs030
https://doi.org/10.13168/AGG.2016.0010
https://doi.org/10.1002/2017GL074264
https://doi.org/10.1002/2017GL072999
https://doi.org/10.1007/s10712-016-9367-1
https://doi.org/10.5772/51698
https://doi.org/10.1109/LGRS.2020.2983045
https://doi.org/10.1007/s00190-009-0308-3
https://doi.org/10.1029/2018JB016607
https://doi.org/10.24425/gac.2020.131084

DE GRUYTER

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

[35]

(36]

(37]

(38]

Li W, van Dam T, Li Z, Shen Y. Annual variation detected by GPS
GRACE and loading models. Studia Geophysica et Geodaetica
60 (2016), 608-621. DOI: 10.1007/s11200-016-0205-1.

Li Z, Yue, Li W, Lu D, Li X. A comparison of hydrological
deformation using GPS and global hydrological model for

the Eurasian plate. Advances in Space Research 60(3) (2017),
587-596. DOI: 10.1016/j.asr.2017.04.023.

Moreira DM, Calmant S, Perosanz F, et al. . Comparisons of
observed and modeled elastic responses to hydrological
loading in the Amazon basin. Geophysical Research Letters
43 (2016), 9604-9610. DOI: 10.1002/2016GL070265.

PanY, ChenR,YiS, Wang W, Ding H, Shen W, Chen L.
Contemporary mountain building of the Tianshan and its
relevance to geodynamics constrained by integrating GPS and
GRACE measurements. Journal of Geophysical Research: Solid
Earth 124 (2019), 12171-12188. DOI: 10.1029/2019)B017566.
PanY, Shen W-B, Shum CK, Chen R. Spatially varying surface
seasonal oscillations and 3-D crustal deformation of the
Tibetan Plateau derived from GPS and GRACE data. Earth

and Planetary Science Letters 502 (2018), 12-22. DOI:
10.1016/j.epsl.2018.08.037.

Peltier WR, Argus DF, Drummond R. Space geodesy constrains
ice age terminal deglaciation: The global ICE-6G_C (VM5a)
model. Journal of Geophysical Research: Solid Earth 120
(2014), 450-487. DOI: 10.1002/2014)B011176.

Ries J, Bettadpur S, Eanes R et al. The Combined

Gravity Model GGMO5C. GFZ Data Services, 2016. DOI:
10.5880/icgem.2016.002.

Rodell M, Beaudoing KH. GLDAS NOAH land surface model

L4 monthly 1.0 x 1.0 degree, version 001. Technical report,
Goddard Earth Sciences Data and Information Services Center
(GESDISC), Greenbelt 2003.

Rodell M, Famiglietti ]S, Wiese DN et al. Emerging trends in
global freshwater availability. Nature 557 (2018), 651-659.
DOI: 10.1038/541586-018-0123-1.

Save H. CSR GRACE RLO6 Mascon Solutions, Texas Data
Repository Dataverse, V1, 2019. DOI: 10.18738/T8/UN91VR.
Save H, Bettadpur S, Tapley BD. High-resolution CSR GRACE
RLO5 mascons. Journal of Geophysical Research: Solid Earth
121(2016), 7547-7569. DOI: 10.1002/2016)B013007.
Scanlon BR, Zhang Z, Reedy RC et al. Hydrologic implications
of GRACE satellite data in the Colorado River Basin. Water
Resources Research 51(12) (2015), 9891-9903. DOI:
10.1002/2015WR018090.

Scanlon BR, Zhang Z, Save H et al. Global evaluation of

new GRACE mascon products for hydrologic applications.
Water Resources Research 52(12) (2016), 9412-9429. DOI:
10.1002/2016WR019494.

Scanlon BR, Zhang Z, Save H et al. Global models
underestimate large decadal declining and rising water
storage trends relative to GRACE satellite data. Proceedings
of the National Academy of Sciences of the United

States of America 115(6) (2018), E1080-E1089. DOI:
10.1073/pnas.1704665115.

Scanlon BR, Zhang Z, Rateb A et al. Tracking seasonal
fluctuations in land water storage using global models and
GRACE satellites. Geophysical Research Letters 46(10) (2019),
5254-5264. DOI: 10.1029/2018GL081836.

Sliwinska ), Birylo M, Rzepecka Z, Nastula ). Analysis of
groundwater and total water storage changes in Poland using

[391]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

A. Lenczuk et al., Study on the inter-annual hydrology-induced deformations in Europe =— 403

GRACE observations, in-situ data, and various assimilation
and climate models. Remote Sensing 11(24) (2019), 2949. DOI:
10.3390/rs11242949.

Springer A, Karegar MA, Kusche ] et al. Evidence of

daily hydrological loading in GPS time series over

Europe. Journal of Geodesy 93 (2019), 2145-2153. DOI:
10.1007/s00190-019-01295-1.

SunY, Riva R, Ditmar P. Optimizing estimates of annual
variations and trends in geocenter motion and J2 from a
combination of GRACE data and geophysical models. Journal
of Geophysical Research: Solid Earth 121 (2016), 8352-8370.
DOI: 10.1002/2016)B013073.

Tapley BD, Watkins MM, Flechtner F et al. Contributions of
GRACE to understanding climate change. Nature Climate
Change 9 (2019), 358-369. DOI: 10.1038/541558-019-0456-2.
Tiwari VM, Srinivas N, Singh B. Hydrological changes

and vertical crustal deformation in south India: Inference
from GRACE, GPS and absolute gravity data. Physics of

the Earth and Planetary Interiors 231 (2014), 74—-80. DOI:
10.1016/j.pepi.2014.03.002.

Wahr ), Molenaar M, Bryan F. Time variability of the Earth’s
gravity field: hydrological and oceanic effects and their
possible detection using GRACE. Journal of Geophysical
Research 103(30) (1998), 205-229. DOI: 10.1029/98)B02844.
Wang S-Y, Chen JL, Wilson CR et al. Reconciling GRACE and
GPS estimates of long-term load deformation in southern
Greenland. Geophysical Journal International 212 (2017),
1302-1313. DOI: 10.1093/gji/ggx473.

Wu X, Heflin MB, lvins ER et al. Seasonal and interannual
global surface mass variations from multisatellite geodetic
data. Journal of Geophysical Research 111(B9) (2006), B09401.
DOI: 10.1029/2005)B004100.

Wessel P, Luis JF, Uieda L et al. (GMT 6). The Generic Mapping
Tools version 6. Geochemistry, Geophysics, Geosystems 20
(2019), 5556-5564. DOI: 10.1029/2019GC008515.

van Dam T, Wahr J, Milly PCD et al. Crustal displacements due
to continental water loading. Geophysical Research Letters
28(4) (2001), 651-654.D0I: 10.1029/2000GL012120.

Vautard R, Yiou P, Ghil M. Singular-spectrum analysis:

a toolkit for short, noisy chaotic signals. Physica

D: Nonlinear Phenomena 58 (1992), 95-125. DOI:
10.1016/0167-2789(92)90103-T.

Yin W, Hu L, Han S-C, Zhang M, Teng Y. Reconstructing
terrestrial water storage variations from 1980 to 2015 in the
Beishan area of China. Geofluids 2019 (2019), 3874742. DOI:
10.1155/2019/3874742.

Zhang L, Dobslaw H, Thomas M. Globally gridded terrestrial
water storage variations from GRACE satellite gravimetry

for hydrometeorological applications. Geophysical

Journal International 206(1) (2016), 368-378. DOI:
10.1093/gji/ggw153.

Zhang L, Dobslaw H, Stacke T, Giintner A, Dill R, Thomas M.
Validation of terrestrial water storage variations as simulated
by different global numerical models with GRACE satellite
observations. Hydrology and Earth System Sciences 21 (2017),
821-837.DOI: 10.5194/hess-21-821-2017.

Zotov L, Bizouard C, Shum CK. About possible interrelation
between Earth rotation and climate variability on a decadal
time-scale? Geodesy and Geodynamics 7 (2016). DOI:
10.1016/j.ge08.2016.05.005.


https://doi.org/10.1007/s11200-016-0205-1
https://doi.org/10.1016/j.asr.2017.04.023
https://doi.org/10.1002/2016GL070265
https://doi.org/10.1029/2019JB017566
https://doi.org/10.1016/j.epsl.2018.08.037
https://doi.org/10.1002/2014JB011176
https://doi.org/10.5880/icgem.2016.002
https://doi.org/10.1038/s41586-018-0123-1
https://doi.org/10.18738/T8/UN91VR
https://doi.org/10.1002/2016JB013007
https://doi.org/10.1002/2015WR018090
https://doi.org/10.1002/2016WR019494
https://doi.org/10.1073/pnas.1704665115
https://doi.org/10.1029/2018GL081836
https://doi.org/10.3390/rs11242949
https://doi.org/10.1007/s00190-019-01295-1
https://doi.org/10.1002/2016JB013073
https://doi.org/10.1038/s41558-019-0456-2
https://doi.org/10.1016/j.pepi.2014.03.002
https://doi.org/10.1029/98JB02844
https://doi.org/10.1093/gji/ggx473
https://doi.org/10.1029/2005JB004100
https://doi.org/10.1029/2019GC008515
https://doi.org/10.1029/2000GL012120
https://doi.org/10.1016/0167-2789(92)90103-T
https://doi.org/10.1155/2019/3874742
https://doi.org/10.1093/gji/ggw153
https://doi.org/10.5194/hess-21-821-2017
https://doi.org/10.1016/j.geog.2016.05.005

	Study on the inter-annual hydrology-induced deformations in Europe using GRACE and hydrological models
	1 Introduction
	2 Datasets and methodology
	2.1 GRACE mascon solution
	2.2 WGHM hydrological model
	2.3 GLDAS Noah hydrological model
	2.4 European river basins
	2.5 Methodology

	3 Results and discussion
	4 Conclusions
	References


