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Abstract. Europe is currently the fastest-warming continent in the world, and it has experienced frequent and severe weather
events, which have led to extensive droughts and floods, with consequences for ecosystems, health, economy, and other
sectors. During the past two decades, these hydrological extremes have been quantified using Terrestrial Water Storage (TWS)
changes obtained from the Gravity Recovery and Climate Experiment (GRACE) mission and its successor GRACE Follow-
15 On. Unfortunately, GRACE/-FO-derived TWS changes do not have sufficient temporal and spatial resolutions for detailed
analysis of sub-regional patterns or sub-monthly TWS changes over Europe, e.g., at the Eurostat NUTS 2 or 3 level. We
suggest that both spatial and temporal resolutions could be enhanced in the future by using displacement time series observed
at more than 6,000 permanent Global Positioning System (GPS) European stations. However, to turn this network into an
observing system for TWS anomalies, GPS displacements must be carefully prepared in advance, and no useful dataset is
20 available to our knowledge. Here we provide, for the first time, a quality-controlled dataset of long daily vertical displacement
time series observed at 4,443 GPS antennas in Europe and surrounding regions between 1994 and 2023, after preprocessing
and preselection to remove displacements seemingly unrelated to hydrospheric loading. We classify stations that pass our
procedure as reference time series (benchmark datasets) with respect to hydrospheric changes. Three benchmark datasets are
provided for use at different temporal scales: long-term (>1.1 years), seasonal (from 4 months to 1.4 years) and short-term
25 (from 2 days to 5 months), even for the period of 8 years prior to GRACE (Klos and Bogusz, 2026). We show in this study
that the displacements recorded by GPS stations included in the benchmark datasets (1) are to a great extent coherent with
hydrological models, reflect accumulated precipitation records, and clearly reflect the influence of climate modes, (2) are
mutually highly consistent on a regional scale and also consistent with the displacements determined by the InSAR
(Interferometric Synthetic Aperture Radar) technique, (3) allow for the estimation of high-resolution TWS changes at all three
30 temporal scales well, which matches closely with GRACE and ERAS5-Land, potentially allowing for a better understanding of

regional changes in the European hydrosphere.

1 Introduction

Terrestrial Water Storage (TWS) changes are estimated with great success using observations from the Gravity Recovery and
Climate Experiment (GRACE) satellite mission, which operated from 2002 until 2017, and then, after a gap of almost a year,
35 from its follow-up mission GRACE Follow-On (Tapley et al., 2004; Chen et al., 2022). For clarity, we abbreviate both missions
as GRACE throughout the manuscript. Despite its many advantages, such as providing global coverage (Eicker et al., 2016;
Tapley et al., 2019; Humphrey et al., 2023), the GRACE mission also has significant limitations in determining TWS changes,
such as a temporal resolution of one month with many gaps in later years, and a spatial resolution of approximately 300 km

(Tapley et al., 2004).
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40 TWS changes can alternatively be estimated from displacements observed by the Global Navigation Satellite
System (GNSS) permanent stations, with Global Positioning System (GPS) still being the most used system. Several authors
suggested applying inversion procedures (or reverse modelling), which uses the Green’s functions to relate the Earth’s crustal
elastic response to surface loading (e.g., Wahr et al., 2013; Argus et al., 2014). Compared to GRACE, the use of GPS
displacements to determine TWS changes suggests several benefits (White et al., 2022). Firstly, since time series of

45 displacements have been available since 1994, the resulting TWS changes can be obtained for the same period, long before
the GRACE mission began. Secondly, our growing understanding of noise present in displacement time series (e.g., Gobron
et al., 2021, 2024) allows us to obtain a series of daily displacements with low noise levels, thereby improving the temporal
resolution of the resulting TWS changes (Han and Razeghi, 2017; Jiang et al., 2021). Finally, with the current number of GPS
stations available worldwide, the spatial resolution of the resulting TWS changes can reach 50 km for regions with dense

50 networks of permanent stations, such as North America (Argus et al., 2014; Fu et al., 2015; Ferreira et al., 2018). Given all
these benefits, long time series of daily GPS displacements are currently used to study changes in TWS and its components at
different temporal scales, with time series longer than those derived from GRACE (Ouellette et al., 2013; Adusumilli et al.,
2019; Yin et al., 2020; Larochelle et al., 2022), improve spatial resolution of TWS changes (Argus et al., 2014), estimate daily
hydrospheric loading during hydrometeorological events (Milliner et al., 2018; Zhan et al., 2021; Jiang et al., 2021), monitor

55  drought conditions (Chew and Small, 2014; Ferreira et al., 2018; Jiang et al., 2021; Lenczuk et al., 2024; Young et al., 2024),
validate TWS changes (Richter et al., 2021; Gerdener et al., 2023a), improve estimates of TWS by assimilation into land
surface models (Yin et al., 2021) and, finally, integrate with other geodetic techniques, such as GRACE or InSAR
(Interferometric Synthetic Aperture Radar) (Adusumilli et al., 2019; Carlson et al., 2022, 2024). Unfortunately, a manual pre-
analysis, and pre-selection is necessary for each station individually to identify and exclude anomalous GPS displacements for

60 which either technique-specific errors or other physical processes (Ray et al., 2008; Lei et al., 2020; Gruszczynski et al., 2018;
Langbein and Svarc, 2019) dominate over hydrospheric loading signal before TWS can be reliably inferred. Manual cleaning
of GPS displacements is very tedious, and time-consuming, especially with a large number of GPS stations, and requires
considerable experience. It is highly prone to errors and to analyst bias and subjective judgments. Initial pre-selection is
currently based on a comparison of the amplitude and phase of annual signals between GPS-observed and GRACE-derived

65 displacements (Lau et al., 2020; Argus et al., 2017; Jiang et al., 2017), which favors annual signals, giving other and often
more important temporal scales much less importance. Since we believe that some time series are mutually consistent with
others at some temporal scales and not at another, we use the methodology for identifying GPS stations sensitive to hydrosphere
at various temporal scales (Klos et al., 2023), and provide, for the first time, a unique, quality-controlled benchmark dataset of
daily GPS-observed vertical displacements across Europe. We compile three benchmark datasets for use at temporal scales:

70 long-term (>1.1 years), seasonal (from 4 months to 1.4 years), and short-term (from 2 days to 5 months). Our benchmark
datasets are provided for Europe, which is currently the fastest-warming continent in the world (see Copernicus Climate
Change Service), and where extreme meteorological events have already caused droughts and floods with wide consequences
in sectors such as transport, health, agriculture, industry, hydropower, and others. Yet hydrological modelling and prediction
exhibit significant shortcomings as various comparisons to the GRACE-derived TWS changes have shown in recent years

75 (Scanlon et al., 2016, 2018). We argue that GPS displacements can significantly improve the estimation of TWS changes over
GRACE, and that this has potential for further use in hydrological model evaluation or the assimilation of TWS maps in
operational frameworks, e.g. in drought monitoring (Young et al., 2024). There are over 6,000 permanent GPS stations
operating in Europe, with incredible spatial coverage that can guarantee high-resolution spatial analysis. The resulting dataset
of daily GPS-observed vertical displacements can be used directly by several communities to estimate daily TWS changes in

80 Europe at three temporal scales. We caution, however, that at the long-term temporal scale, we provide de-trended time series.

We provide estimated trends along with a benchmark dataset, but caution that particular care should be taken when using them
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in hydrological applications. This is because trends are extremely sensitive to the length of the time series from which they are

determined, and the lengths of GPS displacement records vary depending on the station.

This paper is organized as follows. In section 2, we present GPS-observed displacements and their detailed pre-

85 processing, along with the method of classifying GPS stations as hydrogeodetic benchmark datasets. We also introduce all
external datasets we use for validation and comparisons. In section 3, we perform quantitative and qualitative validation of our
benchmark datasets and, finally, we use our benchmark dataset to model TWS changes for the Seine River basin as an example

for a region under anthropogenic water stress. The article concludes with a summary, provided in section 4.

2 Data and methods
90 2.1 GPS position time series

We retrieve a set of daily X, Y, and Z geocentric coordinates from the Nevada Geodetic Laboratory (NGL; Blewitt et al.,
2018), which processes GPS observations using GipsyX Version 1.0 in Precise Point Positioning (PPP; Zumberge et al., 1997)
mode under the following assumptions. Wet and dry parts of the troposphere are modeled using a priori estimates from the
Vienna Mapping Function (VMF1) with nominal gradients set to zero. Zenith delays and gradients are estimated as a random
95 walk process every 5 minutes. The first-order ionospheric effect is accounted for by using carrier-phase and pseudo-range
combinations. The second-order ionospheric effect is modeled using IONEX data from IGRF12 (International Geomagnetic
Reference Field). Phase center offsets are adopted from ‘igs14 wwww.pcm’ file, and the phase center variations are computed
with respect to ‘igsl4 www.atx’ file. Solid Earth tide and pole tide are removed using IERS2010 Conventions, while

preserving the permanent tide. Non-tidal loading models are not applied. More details on the NGL processing can be found

100 through the NGL website (https://geodesy.unr.edu/gps/ngl.acn.txt).

We transform daily changes in XYZ coordinates from the txyz2 files for 6,259 GPS stations in Europe (cf. Figure
3 in Hammond et al., 2021), during 1994-2023, to an ellipsoidal topocentric system North, East, and Up, and then use vertical
displacements. We then employ the effective completeness (EC) parameter introduced by Kreemer and Blewitt (2021), to

retrieve an effective representation of the availability of GPS displacements over time, relative to the record length:

105 EC=\(N-G)M/T 1)

where N is the total number of days within the considered displacement time series, G is the number of days of the largest data
gap, M is the number of days with data, and 7 is the number of days between 1994 and 2023. Figure 1 presents the effective
completeness of GPS displacements for the European set of stations, which varies between 0 (for no data) and 1 (for fully
complete). For most GPS stations, the EC falls between 0.1 and 0.5. For 41 stations, the EC exceeds 0.9. These values indicate
110  that GPS observation availability in Europe during the period 1994-2023 is good, significantly higher than the availability of
observations, for example, at stations located in Africa, but comparable to the values recorded for stations in North America

(Hammond et al., 2021).
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Figure 1: Network of GPS stations in Europe. Left: effective completeness of GPS displacements between 1994 and 2023. Stations
with effective completeness higher than 0.9 are marked with black stars. Right: histogram of the length of all GPS time series in

To classify GPS stations as benchmark datasets, we compare the GPS-observed vertical displacements with vertical
displacements predicted by a hydrological model. For this task, we make use of simulations with the eCLM fork of the
Community Land Model 5.0 (CLMS), the land surface component of CESM. eCLM is implemented within the Terrestrial
Systems Modeling Platform version 2 (TSMP2, Poll et al., 2025) and simulates key hydrospheric processes such as infiltration,
runoff, canopy interception, and snow dynamics, and includes a groundwater layer. Subgrid-scale heterogeneity is represented
by a hierarchical structure of land units, columns, and patches that distinguish surface types including vegetation, lakes, and
cropland. Water storage is simulated in up to 20 soil layers reaching 8.03 m depth and includes canopy, surface water, snow,
soil liquid water, and soil ice; TWS is diagnosed as the sum of these components. eCLM is applied over Europe on the Euro-
CORDEX EUR-11 grid (0.11°, ~12.5 km) with hourly time steps, using static land surface and soil parameters from SoilGrids,
ERAS (the fifth generation of European ReAnalysis) atmospheric forcing, and land cover from the Global Land Cover 2000
dataset. Compared to global hydrological models and GRACE observations, eCLM provides higher temporal resolution and a
representation of the diurnal cycle, higher spatial resolution, and a detailed representation of soil layers, vegetation, and land
cover heterogeneity, making it particularly suitable for capturing regional hydrological variability in Europe. Compared to

earlier versions CLM3.5, 4.0 and 4.5, CLM5.0 and eCLM add many process representations and improvements that render

We use hourly TWS time series from the eCLM hydrological model for 2003-2022 period (Springer et al., 2024)
and average these samples into daily samples, in agreement with the GPS-observed displacements. To compute vertical
displacements at a European set of GPS locations, we use these daily averages with a spatial resolution of 12 km and represent
them as spherical harmonic coefficients to degree and order 360, which corresponds to approximately 50 km spatial resolution.
We apply load Love numbers derived from the Gutenberg-Bullen A Earth model and methodology given by Farrell (1972) to

estimate the vertical displacements for GPS locations. We also tested further increases in resolution derived by the higher

115
years.
2.2 Vertical displacements predicted from the hydrological model
120
125
130
this model particularly suitable for comparison to, and integration with GRACE data (Ewerdwalbesloh et al., 2026).
135
140

spherical harmonic representation, but this led to changes in vertical displacements of less than 1 mm.

2.3 Detailed pre-processing of GPS-observed displacement time series and benchmarking

We perform a detailed pre-processing procedure, identical to the ones we have used in the past (e.g., Klos et al., 2018; Klos et

al., 2023), which have become standard preliminary analysis steps over recent years. We then classify vertical displacements

4
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across Europe as reliable for use in hydrogeodetic studies. To this end, we use the methodology presented in Klos et al. (2023),
which involves decomposing series into three predefined temporal scales: short-term, seasonal, and long-term, and correlating
these decomposed time series with a high-resolution hydrological model described in Section 2.2 at the corresponding temporal

scale. In detail, the following steps are taken:

1. We use daily vertical displacements observed by 6,259 GPS stations over Europe. We perform a detailed manual check of
the vertical displacement time series and select time series for at least 1 year as sufficient for further analysis, i.e., we retain
80% of time series at this stage. It is worth mentioning that only 60 of these stations have a length of less than 3 years. We
further reject stations with many missing values, many outliers, and multiple offsets that cannot be explained by physical
phenomena and may arise from station-dependent effects or unknown and unexplained reasons. We complete this step with

4,443 stations.
2. We remove outlying values by applying the three-times the interquartile range (IQR) rule.

3. We perform an iterative manual check of offsets over three iteration rounds. We start by using the offset database provided
by NGL and then perform a manual check of the time series. We estimate and apply additional offsets that are visible in
the time series but have not been reported by NGL. We also remove epochs for which an offset has been registered in the
NGL-provided database, but no change is visible in the time series. In the case of offsets occurring during a break in the
time series, we compare the mean values of the time series before and after the break. We determine the amplitudes of
offsets by including all identified epochs to a full deterministic model, as proposed in Bogusz and Klos (2016), and then

correct the time series.

4. We remove the impact of non-tidal atmospheric and non-tidal oceanic loading on the GPS-observed displacements by
removing the daily model-predicted displacements. We retrieve publicly available loading correction products from the
German Center for Geoscience (GFZ; Dill and Dobslaw, 2013) which use the ECMWF atmospheric surface pressure and
simulated bottom pressure fields from the Max-Planck-Institute for Meteorology Ocean Model (MPIOM). We interpolate

these predictions using the bilinear interpolation to GPS locations prior to correction.

5. We remove the effect of post-glacial rebound using the glacial isostatic adjustment model ICE6G-D (Stuhne and Peltier,
2015; Peltier et al., 2018) by interpolating the gridded predictions of vertical displacements to GPS locations and further

removing these from the GPS-observed vertical displacements.
6. We complete the pre-processing procedure with 4,443 clean time series of GPS vertical displacements.
7. We estimate and subtract the linear trend from the daily displacement time series.
8. We fill in the gaps in the trend-corrected time series using linear interpolation.

9. We extrapolate the time series five years back and five years forward to reduce edge effects in the next step, using a

deterministic harmonic regression model that includes trend, annual, semi-annual, and ordinary white noise components.

10. We apply forward wavelet transformation and reconstruction of wavelet coefficients using Meyer’s mother wavelet, which
guarantees no loss of information (Meyer, 1990), to decompose the time series into 9 levels. The number of levels into
which we divide the series is determined by the daily sampling interval of the displacements and the periods of the signals

we want to obtain.

11. We form a short-term signal containing signal variation at temporal scales ranging from 2 days to 5 months by summing

the detail levels 1-6.

12. A seasonal signal containing signal variation at temporal scales ranging from 4 months to 1.4 years is retrieved by summing

detail levels 7 and 8.
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13. A long-term signal containing signal variation at temporal scales above 1.1 years is retrieved by summing the remaining

components. Note that the long-term signal does not include the linear trend, which was removed in Step 7.
185 14. We cut off the extrapolated epochs.
15. We cut out the interpolated epochs.

16. We apply the same procedure, i.e., Steps 7-15, to the high-resolution vertical displacements predicted from the hydrological
model CLMS.0 (see Section 2.2).

17. We compare the time coverage between the GPS-observed displacements with that predicted by the model and include

190 only stations with coverage greater than 1 year. This stage reduces the number of stations to 4,117.

18. We correlate the displacement time series observed by GPS and predicted from the hydrological model, separately at each

temporal scale (short-term, seasonal, long-term).

19. We include those stations in the GPS benchmark dataset whose time series correlate significantly and positively with the
high-resolution hydrological model using different classification thresholds: correlations higher than 0.3 and statistically
195 significant for long-term and seasonal temporal scales; correlations higher than 0.1 and statistically significant for short-

term temporal scales. The threshold for p-value is 0.05 in all cases.

20. The above steps lead to the following number of stations classified as reliable for hydrogeodetic analysis: 2,329 stations
for the short-term temporal scale, 3,401 stations for the seasonal temporal scale and 2,521 stations for the long-term

temporal scale (Klos and Bogusz, 2026).

200 2.4 Methods and data used for regional validation of benchmark datasets

To validate the provided GPS benchmark datasets, but also to present their extreme consistency and usefulness, we compare
them with a range of external datasets. We provide (1) a region-wise qualitative assessment, (2) a quantitative assessment, and
(3) a preliminary analysis of their significance for future estimates of TWS changes for different temporal scales using the
inversion approach. We present analyses (2) and (3) for the Seine River Basin with an area of 78,500 km?, where ongoing
205 climate change is leading to more severe droughts: The latest report by the Organization for Economic Cooperation and
Development (OECD) (March 2025) indicates that the Paris metropolitan area must respond effectively to growing water

shortages, as it may not be able to meet its water demand over the next few decades (OECD, 2025).

2.4.1 Qualitative validation of benchmark datasets

We perform a qualitative assessment of GPS benchmark datasets for GPS locations divided into 11 regions. The division of
210 stations is based on the parameters of the stochastic part of the displacement time series, i.e., stations classified into one region
are characterized by a similar amplitude of power-law noise and a similar spectral index determined with maximum likelihood
estimation method (see Supplementary Materials for more details). We average the signals regionally separately for each
temporal scale and compare them with three external datasets described below. All three datasets are divided into three

temporal scales to be consistent with the GPS-observed displacements included in the benchmark datasets.

215 1. We use a gravity field solution derived from the Satellite Laser Ranging (SLR) and the Doppler Orbitography and
Radiopositioning Integrated by Satellites (DORIS) data (Locher et al., 2025; Locher and Kusche, 2021). These spherical
harmonic time series were estimated based on satellite tracking data to up to 16 satellites, observed by SLR or DORIS
techniques. The SLR and DORIS monthly gravity models have been available since 1984; they are characterized by a
GRACE-like spatial resolution (Locher et al., 2025; Locher and Kusche, 2021), which is, however, not free of spatial

220 constraints since in this solution leading empirical orthogonal functions from the GRACE era have been fitted to the raw
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tracking data. We compute vertical displacements at GPS locations from the spherical harmonic coefficients complete to
degree and order 60. To estimate the vertical displacements at the GPS location, we use the same forward load modeling
as described in Section 2.2.
2. We use monthly land-surface precipitation data provided by the Global Precipitation Climatology Centre (GPCC) and we
225 further transform them to accumulated precipitation dataset. The dataset is available from January 1891 to December 2020.
This data is based on historical rain gauge records from approximately 86,000 stations worldwide, collected via the Global
Telecommunication System (GTS) and other historical sources (Schneider et al., 2022).
3. We use soil moisture provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). Soil moisture
fields are simulated with the land surface component of the ECMWF Integrated Forecasting System (HTESSEL scheme),
230 which accounts for precipitation, evaporation, runoff, infiltration, and soil hydraulic processes. We use layers of monthly
volumetric soil water parameters representing the fraction of water volume relative to soil volume within predefined soil
layers. We use four vertically stratified soil layers up to 289 cm depth from 1995 available on 0.1° per 0.1° grid. The final

soil moisture value is calculated as a weighted average based on the thickness of each soil layer.

2.4.2 Quantitative validation of benchmark datasets

235 To assess the GPS benchmark datasets quantitatively, we produce a high-resolution spatiotemporal vertical land-motion
(VLM) map for the Seine River Basin by processing 848 Sentinel-1A SAR acquisitions from two ascending tracks between
June 2, 2017 to March 2, 2024 provided by the Alaska Satellite Facility (ASF, 2024) using the WabInSAR algorithm (Shirzaei
and Biirgmann, 2017; Shirzaei, 2023; Lee and Shirzaei, 2023). Interferograms are generated with the GAMMA software
(Werner, 2000) using a maximum temporal baseline of 350 days and a perpendicular baseline of 35 m, yielding an average
240 ground resolution of 78 m after incorporating permanent and distributed scatterers following Lee and Shirzaei (2023), which
has been shown to be consistent with GPS. Line-of-sight (LOS) displacement time series, rates and their standard deviations
are estimated for each pixel via least-squares optimization in a local reference frame. The resulting temporal sampling rate of
the time series varies between 5 and 19 days, with a median of 7 days. Further details on InSAR processing are provided in
Table S1 in SM. LOS velocities were then converted to vertical land motion assuming that deformation is dominated by the

245  vertical component, which is valid given the absence of active faults or major earthquakes in northern France during the
observation period, using VLM ;= LOSI. / cos Hl . VLM fields from the two tracks are mosaicked into a seamless regional

map following Ojha et al. (2018). Finally, we apply an affine transformation to convert the spatiotemporal VLM results into
the IGS14 global reference frame (Ohenhen et al., 2023; Blackwell et al., 2020), consistent with GPS-observed vertical
displacements we use, incorporating the global VLM model of Hammond et al. (2021). We interpolate InSAR-derived
250 displacements into daily samples, to be temporarily consistent with those observed by GPS, and average them within the radius
of 200 m around the GPS station. We then divide the InSAR-derived vertical displacements into three temporal scales, using
the same methodology we apply for the GPS-observed displacements. We then compare the Euclidean distances between GPS-
observed and InSAR-derived displacements across these three temporal scales and compute correlation coefficients between

the displacement time series.

255 2.43 TWS recovery over Seine River Basin

We use the three benchmark datasets in the Seine River Basin, i.e., 190, 281, and 246 stations, respectively, for the short-term,

seasonal and long-term temporal scales, and invert the daily vertical displacements to obtain TWS changes for 1,656 grid

nodes at a spatial resolution of 0.25° per 0.25° following the methodology presented by Argus et al. (2014) and Fu et al. (2015).

Seine River Basin extends from 0.3°E to 5.6°E and from 47.0°N to 50.0°N. However, to avoid a so-called “edge effect” (Fu
260 etal., 2015), we extend this area into 2.375°W to 8.875°E longitude and 44.125°N to 52.875°N latitude.
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We validate our GPS-inverted TWS changes using TWS changes estimated from the GRACE mass concentration

blocks (mascons) provided by the Jet Propulsion Laboratory (JPL) as RL06.3_v04 solution (Watkins et al., 2015; Wiese et al.,

2016; Landerer et al., 2020). In the JPL mascon solution, the C20 and C30 parameters are replaced with satellite laser

measurement results, as described in Technical Note TN-14 (Loomis et al., 2020). The degree-1 coefficients are estimated

265 using the methods from Sun et al. (2016). GIA effect has been removed based on the ICE6G-D model from Peltier et al. (2018).
We use GRACE TWS changes from 2002 to 2023.

We also use TWS changes from the fifth-generation of European ReAnalysis (ERAS) provided by the ECMWF

(Muiloz Sabater, 2019; Copernicus Climate Change Service, 2022). We use the monthly averages of the volumetric soil water

layer (VSWL; 1-4 layers summed: 0-289 cm) and snow water equivalent (SWE) for the period April 2002 to May 2022 and

270 combine them to derive the ERAS5-Land TWS on a 0.1° per 0.1° grid. We then interpolate these TWS change estimates linearly
to a 0.25° per 0.25° grid to keep consistency with the GPS-inverted TWS grid.

TWS estimates derived from GRACE and ERAS-Land are divided into three temporal scales to keep consistency

with the GPS benchmark datasets; all are then averaged over the Seine River basin.

2.4.4 Comparison of trends

275 We use the same monthly TWS changes observed by GRACE gravity mission as in the previous section. We also use monthly
TWS changes in a global grid with a size of 0.5° per 0.5°, provided within the Global Land Water Storage dataset release 2
(GLWS2.0, Gerdener et al., 2023a, 2023b). GLWS is produced by assimilating gridded GRACE TWS anomalies into the
WaterGAP global hydrological model. GLWS-predicted TWS changes thus represent groundwater, soil moisture, and surface
water changes and are provided for the 2003-2020 time period.

280 We transform these GRACE- and GLWS-like gridded TWS changes into spherical harmonic coefficients following
Wahr et al. (1998) approach. We convert GRACE-derived TWS changes to the degree and order equal to 120, representing
the resolution of mass concentration blocks (Save et al., 2016; Scanlon et al., 2016), and GLWS-predicted TWS changes to
the degree and order equal to 360, which represents the nominal resolution of the model, i.e., 0.5°. Then, we apply load Love
numbers derived from the Gutenberg-Bullen A Earth model and methodology given by Farrell (1972) to estimate the vertical

285  displacements for GPS locations for 221 and 204 months, respectively, for GRACE and GLWS. We then estimate linear trends
for all displacement time series by fitting a simple deterministic model, consisting of trend, annual, and semi-annual
components, into all the time series. We note here that the values of trends of the JPL GRACE mascon solution of most large-
scale effects are similar between this solution and solutions based on spherical harmonic coefficients (Watkins et al., 2015);
however, mascon solutions provide significantly better resolution for small-scale signals. It is also worth noting that trends

290 observed via GPS encompass all phenomena, including local land subsidence, whereas trends derived from GRACE data and
forecasted by GLWS reflect only hydrological loading. It is also worth noting that GPS-observed trends include local ground
subsidence, while GRACE-derived and GLWS-predicted trends represent hydrospheric loading only.

3 Results and discussion

Below, in the following subsections, we present comprehensive comparisons of our GPS benchmark datasets with various
295  external datasets.

3.1 Qualitative assessment

We now compare the GPS-observed displacements, classified as the benchmark dataset at the long-term temporal scale at the

regional level, with the external datasets described in Section 2.4.1.
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Scandinavia (included in region 1 in Fig. 2) experienced several wet seasons, i.e., 1994-1995, 1999-2001, 2005-

300 2006, 2010, and 2012, and two dry seasons in 2006-2007 and 2019-2020. The largest and first flood in Sweden occurred in
the Glomma and Logan river basins in 1995, when previous maximum discharge records were exceeded by as much as 60%

at gauging sites (Arheimer and Lindstrom, 2015). This effect is clearly visible in GPS-observed displacements, with a 3 mm
difference between 1994 and 1996. The following years were wet periods with increased precipitation in 1998, 2000, 2005,

2008, 2010, and 2012, for which Spinoni et al. (2015) found total drought indices over 1.4, indicating severely wet conditions.

305 These wet periods coincide with GPS-observed displacement changes in the range of £2 mm. For the first part of the period
analyzed, GPS-observed displacements are delayed with respect to soil moisture records of approximately 100 days; however,

after 2010, both series match each other well, with the maximum value of soil moisture in 2012. We also notice an increase in
precipitation for all these periods to 50 mm/month. The second pre-GRACE wet period, lasting from 1999 to 2001, is very

well captured by GPS-observed displacements; we observe a distinct reduction in GPS displacements, but this is not reflected

310 in the water storage maps derived from SLR and DORIS tracking data. The dry period of 2006-2007, which caused a decline
in streamflow in Sweden, are also clearly visible in GPS-observed displacements through a sharp uplift of about 1.5 mm but

are not evident in the water storage records derived from SLR and DORIS tracking data. We also observe the lowest
precipitation level during this period. For the second dry period in 2018-2019, classified as an agricultural drought (Ducros et

al., 2025), GPS-observed displacements increased sharply by 1 mm. This is confirmed by a drop in soil moisture below -30

315 mm and by the water storage maps derived from SLR and DORIS tracking data.

In region 2, two major floods caused by heavy rainfall occurred in 2004-2005 and 2017-2018 (e.g.,
https://www.ilmateenistus.ee/). Both periods were recorded as decreases in GPS-observed displacements of up to -2.5 mm.
Precipitation dropped in 2006 to about 22% of the average level (Ingver et al., 2010), which is indicated by soil moisture values

below -40 mm. For GPS-observed displacements, we observe an uplift of 4 mm, confirming dry conditions.

320 Region 3 experienced five dry periods in 2003, 2007, 2008, 2009, and 2010 (Walz et al., 2018), all of which were
caused by extremely high temperatures (Semenova and Vicente-Serrano, 2024). These periods are captured in GPS-observed
displacements; we notice a distinct increase of displacements during dry events. These dry periods are also well reflected in
the soil moisture changes. We observe decreases in GPS-observed displacements below -3 mm in 2003-2009 and 2016-2020,
which coincide with several extreme precipitation events in Ukraine since 2000 (Agayar et al., 2024). These phenomena are

325 also well captured by the water storage maps derived from SLR and DORIS tracking data, for which we observe a sharp
decline in displacements in 2003 that corresponds exactly to the decline in GPS-observed displacements. Subsequently, a slow
return to normal conditions is observed for both displacements. GPS-observed displacements decrease again in 2016, but this
is not recorded by the displacements derived from the water storage values derived from SLR and DORIS records. GPS

displacements may reflect an increase in precipitation, which reaches values above 100 mm/month since 2016.

330 Region 4 mainly covers Turkey. Turkey has experienced alternating wet and dry periods. Dry periods occurred in
1998-2000, 2007, and 2020, while wet periods occurred in 2003-2007 and 2014-2015. The drought that affected Turkey in
1998 was probably the worst drought in the eastern Mediterranean region in the last nine centuries (Cook et al., 2016). After
the drought, we see a decrease in GPS-observed displacements and a wet period from 2003 to 2007. This period is clearly
visible in GPS-observed displacements and is also well reflected in the soil moisture values and in water storage records from
335 SLR and DORIS. All datasets remain consistent until 2007, when a dry period occurs, as reflected in GPS-observed
displacements and soil moisture decreases by 0.05 m*/m?, but not fully captured by water storage from SLR and DORIS. This
drought is obviously captured by GPS-observed displacements as an increase of almost 5 mm and by the GRACE drought
index determined by Khorrami and Giindiiz (2022). It correlates well with low precipitation during this period and maximum
values of the NAO (North Atlantic Oscillation) index (Cook et al., 2016). The displacements predicted from water storage
340 values based on SLR and DORIS data do not reflect these dry conditions. After this drought, we see a decrease in GPS-
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observed displacements and a wet period from 2003 to 2007. This period is distinctly visible in GPS-observed displacements
and is also well reflected in water storage maps from SLR and DORIS. All these datasets are consistent until 2007, when a dry
period occurs, well reflected in the displacements observed by GPS, but not fully captured by SLR and DORIS-based water
storage. Further, we observe a decrease in GPS-observed displacements in 2019, which is not captured by water storage from

345 SLR and DORIS. It may be related to an increase in precipitation compared to the last few years (Bulut and Sakalli, 2021).

Region 5 covers mainly Bulgaria. For Bulgaria, we observe a surprisingly long-term consistency between GPS-
observed displacements and displacements predicted from water storage based on SLR and DORIS data as well as the soil
moisture values. This is clearly visible for the period 2000-2006, when all data present a marked decline, indicating a long-
term drought. Soil moisture values do not compare well with GPS-observed displacements until 2000. Subsequently, all values

350 increase, but until the end of the analyzed period, all three series are very consistent with each other. Flooding in 2005-2006
is associated with precipitation above average (Micheva et al., 2020) and overlaps with maximum soil moisture values around
0.1 m¥m?. A few periodic flash floods driven by torrential rains occurred in 2014-2019 (Micheva et al., 2020). The increase
in GPS-observed displacements from 1997-1998 to 5 mm may reflect a meteorological drought in South Bulgaria (Stoyanova

and Nikolova, 2022), which is not observed in other datasets.

355 Region 6 experiences alternating periods of extreme weather conditions. Wet periods occurred in 1996-1997, 2009-
2011, and 2013-2017, while dry periods occurred in 1998-2008, 2012, and since 2019. Events up to 2012 coincide with periods
indicated by Spinoni et al. (2015), who pointed out heavy rainfall and heat waves. These are clearly visible in GPS-observed
displacements, especially events prior to 2000, when displacements vary by +5 mm. These events are also recorded by SLR
and DORIS tracking data. We note a significant decrease in values across all datasets during the 2009-2011 rainy period that

360 also overlaps with maximum soil moisture values around 0.7 m*/m?®. Between 2013 and 2017, we notice changes in GPS
displacements, which may be caused by massive flooding resulting from overflowing the northern Italian rivers (Ojeda et al.,
2022). In 2017, some parts of Italy were the driest in 60 years, with rainfall 80% below average (Blauhut et al., 2022). This is
reflected in a 3 mm decrease in GPS-observed displacements and soil moisture values close to 0.03 m?/m? at the beginning of

2017.

365 Three wet periods were reported for region 7, namely: 1997, 2002, 2010, and two dry periods: 2015, 2019-2020.
However, severe and extreme meteorological drought conditions already prevailed also for the pre-GRACE period, in 1994-
1995 (Kalbarczyk and Kalbarczyk, 2022), and these are perfectly reflected by GPS-observed displacements, which increase at
that period to the values of almost 5 mm. They also correspond to lower precipitation levels during this period. This drought
is, however, not reflected by the water storage maps derived from SLR and DORIS records. Region 7 is characterized by
370 floods caused by successive waves of intense rainfall. This led to a series of floods in Poland in 1997, when rivers overflowed
throughout the country (Kundzewicz et al., 1999), and in 2010 in southern Poland (Wilk and Kinal, 2014). Both floods are
distinctly visible as a decrease in GPS-observed displacements during those periods. Both periods are also reflected well in
the soil moisture values, increasing to 100 mm in 2010. Displacements predicted from water storage based on SLR and DORIS
data reflect only the second flood period in 2010, during which they decrease below -2.5 mm. In recent years, Poland has also
375 experienced several extreme and severe droughts, e.g., in 2018-2019 and in the spring of 2020 (Pinskwar et al., 2020). They
are recorded in GPS-observed displacements as a decrease of more than 2 mm. They are also clearly reflected by soil moisture

values, which are around 0.08 m*/m? during that time.

Region 8 covers most of Germany. Two wet periods were recorded for this region, namely 1994-1996 and 2011-

2012, associated with a series of storms, and three dry periods in 1996, 2002-2004 and 2018-2019 associated either with

380 rainfall deficits or high temperatures (e.g., Spinoni et al., 2015; Blauhut et al., 2022; Boeing et al., 2024). The 2004 dry period
is reflected by soil moisture values below -0.07 m*/m?>. Both floods are perfectly captured by GPS-observed displacements;

we note their decreases during those periods to -2.5 mm. The second flood period, i.e., 2011-2012, is also well captured by the

10
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water storage maps from SLR and DORIS records, but soil moisture is slightly delayed. There are also two significant long-
term decreases in GPS-observed displacements during 1997-2002 and 2011-2016, not previously reported as wet periods. A
385 large-scale European drought in 2018-2019 in Germany, associated with soil moisture drought, is also observed in the GPS-
observed displacements, but delayed; we observe a decrease in GPS-observed displacements in winter 2019-2020. This
drought is captured by the soil moisture dataset, whose values are below -0.1 m*/m?, and by the increase of displacements

predicted from water storage maps based on SLR and DORIS, up to 2.5 mm.

For region 9, two events were recorded before 2000, namely the drought in 1995-1996 and the flood in 1997. The

390 drought was caused by heat waves in 1995, which was the third hottest year since 1659 (Marsh, 1996). It is clearly visible in
GPS-observed displacements, which have increased significantly in subsequent years and exhibit minimum soil moisture
values in 1995. The 1997 flood was caused by two successive waves of intense rainfall, which caused rivers across the UK to

burst their banks (Sibley, 2017). This phenomenon is captured by GPS-observed displacements, which decreased to below -2

mm. However, this phenomenon is not captured by displacements predicted from water storage values based on SLR and

395 DORIS records. Soil moisture values increase abruptly from -0.05 m*/m? to 0.02 m*/m? for one year. Dry conditions have
dominated this region in 2004-2005, 2012, and 2019. The lack of precipitation caused an intense drought in Western Europe,
which is associated with a positive NAO index (Garcia-Herrera et al., 2007). GPS-observed displacements and displacements
predicted from SLR and DORIS do not reflect these phenomena. Subsequent droughts in the region are driven by significant
temperature anomalies across the country (e.g., Turner et al., 2021) and coincide with estimates of the combined climate index

400 (Spinoni et al., 2015). Finally, the recent increase in GPS-observed displacements and those predicted from SLR and DORIS

water storage maps observed in 2022 is related to drought in this region.

Region 10, mainly covering France, experiences extreme weather events almost every 3-4 years. Wet periods were
recorded for this region in 1994, 2000-2001, 2003, 2007-2008, 2010, 2012-2016, 2018-2019, and 2021, and dry periods in
1996-1998, 2006-2007, 2011, and 2017. All of them are clearly visible in the decreases and increases in GPS-observed

405 displacements, precipitation, and the minimum and maximum values of soil moisture. Displacements predicted by SLR and

DORIS are also well correlated with other datasets over time.

Region 11, covering Spain, has experienced periods of severe drought lasting at least two years in 1997-1998, 2003-

2007, 2011-2012, 2017-2018, and 2022-2023, and two wet periods in 1996-1997 and 2013-2017. All these phenomena were
caused by rising temperatures, and changes in precipitation, as well as other phenomena such as cyclones (e.g., Spinoni et al.,

410 2015; Berbel and Esteban, 2019). During these periods, also high variations in precipitation, between 50 and 100 mm/month
can be noticed. In 2004-2005, the precipitation was less than 60% of the average precipitation, and Spain experienced at that

time one of the worst droughts that were ever recorded (Garcia-Herrera et al., 2007). This period of drought is well captured

by GPS-observed displacements, which rise up to 2 mm at that time, and a drop in soil moisture below -0.06 m*/m?. It is not
captured, however, by water storage maps derived from SLR and DORIS data. The period between 2013 and 2017 was

415 characterized by record-breaking rainfalls, which hit Spain and led to flash floods with maximum anomalies in 2013, early
2015, and 2017 (Berbel and Esteban, 2019). These periods of wet conditions are well captured by GPS-observed
displacements, whose values decrease steadily until 2017. We observed maximum values of soil moisture in 2013, and then
systematic increases until the 2017 drought. Afterwards, they start to increase as the period changes into a dry one. For the
pre-GRACE period, GPS-observed displacements exceed 5 mm, indicating dry conditions between 1995 and 1996. This is

420 confirmed by a low precipitation level near 50 mm/month and soil moisture values around -0.08 m*/m?, but is not captured by

the displacements predicted from SLR and DORIS.

It is worth noting that for each of the regions presented in Fig. 2, we also include the number of GPS stations that

were active during each time period. For all regions, the years 1994-2005 are characterized by moderate station activity, while

11
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after 2005 the number of stations increased sharply. This will certainly contribute to more reliable estimates of average

425 displacements within a given region and improve the quality of the hydrosphere information provided.
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Figure 2: Comparison of GPS-observed displacements with soil moisture (SM), accumulated precipitation and displacements

derived from water storage maps based on SLR and DORIS tracking data (SLR+DORIS); all are estimated for GPS locations. All

estimates are then stacked and averaged within regions presented on the map. The comparison is presented for the long-term
430 temporal scale. We also add the number of GPS stations that were active during the individual epochs.

3.2 Quantitative assessment

We now present a quantitative validation of GPS vertical displacements. For this, we use GPS stations located in the Seine
River basin, which we classified as a benchmark dataset (Fig. 3). This set consists of 190, 281, and 246 stations, respectively,
435 for the short-term, seasonal, and long-term temporal scales. We also use the displacements determined by the InSAR technique

for the GPS locations, described in Section 2.4.2.

We observe very good consistency between the GPS-observed and InSAR-derived displacements across all three

temporal scales, as confirmed by relatively low Euclidean distances (Figure 3 b, ¢, d), with median values equal to 169 mm,

167 mm, and 156 mm, respectively, for the short-term, seasonal and long-term temporal scales. For stations located in the

440 eastern part of the Seine River basin, approximately 10% of the benchmarked stations, the Euclidean distances increase to 500
mm for the long-term and seasonal temporal scales and to 300 mm for the short-term temporal scale. This may be due to the
locations of GPS stations in less urbanized, more vegetated regions. Seasonal vegetation growth and changes in canopy
structure reduce InSAR coherence and introduce temporal decorrelation. This decorrelation increases phase noise in InNSAR

time series, leading to higher variability (standard deviation) compared to GPS-observed displacements, which are not affected

445 by vegetation-induced scattering. The increased variability in the InSAR signal therefore primarily reflects vegetation-related

decorrelation rather than deficiencies in other processing components, such as orbit or atmospheric corrections.

12
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For the correlation coefficients (Figure 3 e, f, g), we observe excellent agreement between GPS-observed and

InSAR-derived displacements at seasonal temporal scale. In contrast, at long-term temporal scale, the relationship is less
consistent, and the agreement of the displacement time series varies across stations. We observe lower correlation between

450 InSAR-derived and GPS-observed displacements at short-term temporal scale. This reduced correlation is consistent with the
generally higher variability of InSAR-derived displacements compared to GPS across all temporal scales analyzed, likely
reflecting the higher noise level and lower short-term stability of InNSAR measurements, as well as additional noise

contributions that vary across different satellite flight paths.

It should be further considered that the two techniques do not measure exactly the same physical quantity: InSAR

455  captures the vertically integrated surface deformation signal, including deep, shallow, and surficial processes, whereas GPS
sensors might be anchored to monument depths and may not fully reflect near-surface effects such as thermal expansion,
shallow sediment compaction or hydro-compaction, for example, which can also explain some of the discrepancies, especially

in the short-term and long-term temporal scales.
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460 Figure 3: Comparison between daily GPS-observed displacements classified as benchmark datasets and daily-interpolated InSAR-
derived displacements evaluated at GPS locations at three temporal scales within the Seine river basin located in western Europe
(a). Shown are the Euclidean distances (in mm) (b-d) and correlation coefficients (e-g) between displacement time series from GPS
and InSAR (evaluated at the GPS locations).

465 3.3 TWS change estimates over the Seine River Basin

We estimate GPS-inverted TWS for the Seine River Basin and compare it with external TWS datasets, for all three temporal
scales, as described in Section 2.4.3. We observe perfect agreement among all three datasets at the seasonal temporal scale for
the 2012-2016 period (Fig. 4), both for the amplitude and the phase of the seasonal signal. Prior to 2012, GPS-inverted TWS
values are larger than those estimated using GRACE and the ERAS-Land model. This may be due to the smaller number of
470 GPS displacement time series available during this period, which affects the reliability of TWS. Poorer GPS-inverted TWS

estimates are also evident for this period for both short-term and long-term temporal scales. For the period after 2016, GPS-
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inverted TWS agrees with GRACE-derived TWS for the seasonal temporal scale, and both slightly deviate from the ERAS-
Land estimates. This may be related to the fact that groundwater is not well represented in ERAS-Land, and its usage in this
region is large. We also observe very good agreement between all three TWS change estimates on the long-term temporal
scale. GPS-inverted TWS change follows increases and decreases in TWS changes observed by GRACE and predicted by the
ERAS-Land model. For short-term temporal scales, the agreement between all three estimates is the worst. GPS-inverted TWS
has the largest standard deviation for this temporal scale, much larger than the standard deviations of the TWS estimated from
GRACE and the TWS predicted from the ERA5-Land model. However, by comparing results presented in Fig. 4a to those
shown in Figs. 4b-d, we clearly see that our benchmarking approach allows us to reduce noise on long-term and seasonal
temporal scales and to extract smaller-scale hydrospheric signals more reliably from the GPS-observed displacement time
series. As mentioned before, we expect that the quality of GPS-observed displacements on a short-term temporal scale will
certainly improve in the future by applying better background models, which will further enhance their relevance in the

research on hydrosphere.
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Figure 4: TWS changes for the Seine River Basin, a comparison of averaged TWS changes between GPS-inverted TWS, ERAS-
Land-predicted TWS and GRACE-derived TWS. In the latter two cases, the TWS changes are estimated for GPS locations and then
averaged for the entire catchment area. (a) TWS changes for the original set of GPS displacements, without classification of GPS
stations. (b-d) TWS changes are estimated based on GPS-observed displacements for the benchmark dataset within three temporal
scales: short-term, seasonal, and long-term.

3.4 GPS-observed trends and validation

Now, we provide a comprehensive description of GPS-observed, GRACE-derived and GLWS-predicted linear trends. These
values are estimated for the GPS vertical displacements in Step 7 and removed from the time series. Caution should be taken
when using them in hydrogeodesy, as they are estimated based on different time intervals corresponding to the period during

which the station was operational, in contrast to GRACE-derived and GLWS-predicted trends, whose values are estimated for
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the same period. With this in mind, we decided to conduct an additional analysis, presented below, which outlines trends across

different time periods, by extracting the same time intervals from GPS, GRACE, and GLWS.

3.4.1 Trends over the entire period from 1994 to 2023

500 Figure 5 presents the vertical land motion trends estimated for 4,443 GPS locations using GPS-observed (after removing GIA),
GRACE-derived and GLWS-predicted vertical displacements. The linear trends derived from GRACE indicate a steady uplift
of the European region with a uniform value, not exceeding 0.5 mm/yr. Greater uplift can be observed in the eastern regions
of Europe, but even there it does not exceed 1 mm/yr. These results confirm a clear continent-wise decline in TWS values,
caused by recent prolonged droughts driven by climate change. The phenomenon of increasing losses in water storage across

505 the continent, i.e., the drying tendency of Europe, measured by the GRACE mission, was quantified by Chandanpurkar et al.
(2025). Vertical land motion linear trends predicted by GLWS confirm that several areas of Europe are indeed experiencing
an uplift, which may be related to their drying. In Central Europe, this may be related to changes in atmospheric circulation
(Bestakova et al., 2024). In the Paris Basin, this is due to recent droughts and increasing water scarcity, which are critical
problems in the region, especially in the context of altered precipitation patterns caused by climate change (OECD, 2025). In

510 the Alps, this may be due to severe snow shortages and rapid melting of snow and glaciers caused by a heat wave (NOAA,
2025). Sweden is experiencing a trend toward warmer temperatures and increased humidity, with some regions affected by
complex phenomena such as droughts and heatwaves, or droughts and floods (Passos et al., 2024). However, it should be noted
that in the Fennoscandian region, a strong uplift effect, even if it has already been subtracted with GIA model, may leave its
fingerprint in the time series. Italy is facing its worst drought in two centuries, on an unprecedented scale, which has led,

515 among other things, to the drying up of Italy’s longest river, the Po (Montanari et al., 2023). The forecasts are not optimistic,
as they indicate that the average TWS and extreme TWS will decrease significantly in this region in the future (Rezaei et al.,
2024). The Venetian Delta is sinking dramatically due to natural sediment compaction and historical groundwater extraction,
compounded by sea-level rise (Anzidei et al., 2025). Southern Spain is facing a serious water crisis due to expanding irrigated
agriculture (Junquera et al., 2025). Several regions across Europe appear in GLWS as subsiding. These have been also been

520 1identified by Gerdener et al. (2023a).

The vertical land motion trends observed using GPS are roughly consistent with what we see in the GLWS
predictions. The drying of Central Europe, Sweden, the Alps, the Mediterranean regions, Spain, the Paris basin and Italy is
clearly visible. The United Kingdom and Ireland are also drying, in line with Antwi et al. (2022). Several individual trends
appear to be outlying from the regional patterns. GPS trends estimated for several regions are negative and do not agree with

525 GRACE estimates of continental drying. These are regions of Spain, France, Venice, UK, eastern Poland, Bulgaria and Turkey.
There are also some alternating individual negative and positive trends found in Greece, and this may be related to tectonic

activity in this region (Papanikolaou et al., 2025).

We also compare vertical land motion trends estimated from GPS-observed displacements estimated for two time
periods, i.e., 1994-2003 and 2002-2023; the latter coincides with the period covered by the GRACE mission. We observed

530 only minor differences between the two estimates.

3.4.2 Evolution of trends over years

Figure 6 shows the linear trends in vertical land motion estimated from 4,443 vertical displacements observed by GPS and
derived from GRACE for four periods: 2003-2005, 2005-2010, 2010-2015, and 2015-2020. We note, however, that we use
only vertical displacements observed by GPS for which we have more than 80% of observations in a given period. Since the

535 number of stations has changed over the years, we have a different number of stations for each period.
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For the first period, i.e., 2003-2005, trends derived from GRACE indicate slight subsidence in the European region.
Greater subsidence occurred in Scandinavia, but it did not exceed 1 mm/yr. However, trends observed by GPS for this period
do not indicate subsidence of the European region. We observe clear uplifts in Central Europe and Scandinavia, exceeding 1
mm/yr in extreme cases. Trends observed by GPS indicate clear subsidence in the Rhine and Danube river basins and in areas

540 around the Adriatic Sea.

For the second period, i.e., 2005-2010, GRACE trends show a slight uplift of the European region, not exceeding 1
mm/yr. Trends recorded by GPS show significant uplift in the Scandinavian region, exceeding 1.5 mm/yr, and significant
uplift in the Italian region, exceeding 2 mm/yr. We also observe several alternating spatial patterns of uplift and subsidence in

Central Europe. However, these are difficult to identify due to the high variability of trends between individual stations.

545 For the third period, i.e., 2010-2015, we observe a striking similarity between the trends observed by GPS and those
derived from GRACE, with clear spatial patterns, consistent between both datasets. We observe clear subsidence in Spain,
northern Italy, the United Kingdom, and France, with subtle trends derived from GRACE and much larger, but still negative,
trends observed by GPS. Central Europe is characterized by positive trends derived from GRACE and positive trends derived
from GPS. For Iceland, we observe clear uplift for both datasets. The only difference between the GPS and GRACE trends is

550 the Scandinavian region, where, based on GRACE trends, we observe subsidence in its southern part and uplift in the northern

part. In the case of GPS trends, we observe evident uplifts across almost the entire Scandinavian region.

For the most recent period, i.e., 2015-2020, GRACE-derived trends show subtle uplift across Europe, with values
not exceeding 0.5 mm/yr. We observe slight subsidence in southern Italy and the Balkan countries. GPS-observed trends
indicate an apparent uplift of Scandinavia, with values exceeding 1 mm/yr. Central Europe is also experiencing local uplifts.

555  Southern Italy is undergoing significant subsidence, with values below -1 mm/yr.

Dividing the period from 1994 to 2023 into sub-periods does indeed bring benefits when interpreting long-term
changes. However, these sub-periods may absorb changes on a multi-year scale, which are included in the long-term temporal
scale of the benchmark datasets. For this reason, we do not provide them separately, but we do show their consistency with
the GRACE and GLWS trends over the years. We observe a continuous, clear uplift in Iceland, as the trends have been

560 consistent over the years. In this region, excessive ice melting has been observed, causing the Earth’s surface to uplift (e.g.,
Auriac et al., 2013). Obviously, a continuous residual uplift in Scandinavia can be observed from mismodelling of GIA effect.
The subsidence affects areas of Spain, France, UK, Italy, Poland, Turkey, Romania, and Bulgaria. It partly coincides with the
trends estimated from GRACE for the 2010-2015 period, although the scale of this subsidence is much smaller for GRACE.
This subsidence coincides with the regions indicated by Herrera-Garcia et al. (2021) to be threatened by land subsidence caused
565 by the depletion of groundwater. This is a slow process that develops over a long period of time, causing the Earth’s surface

to gradually subside, even by decimeters per year, usually over very large areas (Herrera-Garcia et al., 2021).

For several regions, trends vary from period to period; for example, in central Italy, we see alternating positive and

negative trends over the years. We observed a similar pattern along the coasts of Spain and Portugal.
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570

Figure 5: Linear trends estimated for 4,443 GPS locations based on GPS-observed (a, b), GRACE-derived (c), and GLWS-predicted
(d) vertical displacements. Note that the GPS trends (a, b) are after subtracting the effect of GIA. (a) shows GPS trends for the entire
period of station operation between 1994 and 2023, while (b) shows GPS trends for the period consistent with GRACE, i.e., 2002-
2023.
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575  Figure 6: Trends of vertical displacements from 4,443 stations we use for benchmarking. Trends are presented for 4 different time
periods, but only for stations whose observations cover at least 80% of the period considered. Left column: trends estimated from
GPS-observed vertical displacements (GIA removed), right column: trends estimated from GRACE-derived vertical displacements,

estimated for GPS locations.

4 Summary

580 For the first time, we present three quality-controlled and cleaned datasets of vertical daily GPS displacements from 1994 to

2023 time span, applicable to analyses of changes in the hydrosphere in Europe. Datasets allow for the reliable analyses of

long-term, seasonal and short-term changes and are provided according to the GPS benchmarking procedure presented in Klos

et al. (2023). It is clear that this approach allows us to significantly reduce noise on long-term and seasonal temporal scales, as

well as to better extract small-scale hydrospheric signals.
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585 Our datasets of GPS vertical displacements show clear temporal agreement with hydrological signals, particularly

with seasonal wet and dry cycles. Benchmarking of the displacements allows to reliably distinguish responses to precipitation
events between regular seasonal cycles and long-term signals that are related to climate variability and groundwater changes.
The strong agreement between GPS-observed displacements and InSAR-, SLR+DORIS-, GRACE-derived displacements, as
well as between GPS-inverted TWS and TWS for ERAS5-Land, and GRACE data demonstrates the reliability of our approach.

590 GPS-observed displacements can serve as a valuable, independent tool for monitoring hydroclimatic conditions,
making them highly relevant for water management applications, detection of drought onset, duration, and recovery, as well
as can support more informed decision-making in water resource allocation, reservoir management, and agricultural planning.

In the future, the European GPS network may also serve as operating system for TWS estimates.

595 Data availability

The benchmark datasets of GPS stations may be accessed at: https://repod.icm.edu.pl/dataset.xhtml?token=39eftbad-57eb-
4109-911e-f7d15ff65¢cbe and should be cited as Klos and Bogusz (2026).

GPS daily time series are provided by NGL through: http://geodesy.unr.edu/. eCLM data are available through: https://detect-
z03.geoinformation.net/geonetwork/srv/eng/catalog.search#/metadata/18fd2642-02bc-4096-a600-1993fdfdc346.
600 GRACE/GRACE-FO mascon data (JPL RL06.3_v04) are available at: http:/grace.jpl.nasa.gov. GPCC data are available

online at https://opendata.dwd.de/climate_environment/GPCC/html/download_gate.html. SWI climate index is available

through:  https://confluence.ecmwf.int/display/CEMS/Model+Output. ERAS-Land TWS is downloaded from:

https://cds.climate.copernicus.eu/. The GLWS2.0 dataset is downloaded from:
https://doi.pangaca.de/10.1594/PANGAEA.954742. The river basins boundaries are downloaded from:

605  https://www.hydrosheds.org/. Maps are drawn using the Generic Mapping Tools software (Wessel et al. 2019).
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