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The surface displacement caused by hydrological loading makes an important contribution to the
non-linear crustal movement observed at the International Global Navigation Satellite System
Service (IGS) stations. In this paper, the amplitude, correlation, and root mean square (RMS) of
the vertical displacement time series signals of 47 IGS stations are used to analyze which data of
Gravity Recovery and Climate Experiment (GRACE) or Global Land Data Assimilation System
(GLDAS) can better reflect the hydrological load effect in Europe. The results show that in Europe,
the hydrological load effect calculated based on GRACE data is more accurate than that of
GLDAS, which has not been reported before. Then, the relationship between the GPS height and
GRACE load deformation in terms of annually-oscillating signals, correlation, and phase is
analyzed by using singular spectrum analysis, the Pearson correlation coefficient, and wavelet
coherence (WTC). It was found that GPS and GRACE agree at some stations (e.g., BOR1 and
ZIMM), while they differ significantly in amplitude and phase at other stations (e.g., KIRU and
NOT1), indicating that not all GRACE-derived displacements of IGS stations can clearly explain
their nonlinear motion. The correlation coefficients between GPS and GRACE are higher than 0.7
at 85 % of stations. Amongst them, the values are obviously greater than 0.8 (e.g., ZIMM and
LAMA) around inland areas and high mountains, and even less than 0.6 (e.g., ANKR and KIRU)
along the coast of the Mediterranean ocean, which more precisely shows that the hydrological load
effect has obvious spatial and regional characteristics compared with previous studies. In addition,
the relative phase of the WTC solution is basically consistent under non-detrend and detrend,
which shows that the relative phase difference of each station is only related to the nonlinear
movement and not to the linear trend caused by the tectonic deformation. Finally, we study the
influence of GRACE hydrological load on the RMS of GPS height, which is reduced by 24.60 %
on average, and the reduction rate distribution of the RMS is in good agreement with the spatial
distribution of the correlation coefficient.

1. INTRODUCTION

Research and analysis of GPS coordinates time
series is an important basis for studying the influence
of various geophysical phenomena on the position of
GPS stations, so as to further understand the real
movement rules of GPS stations (Jiang et al., 2010;
Jiang et al., 2014; Deng et al., 2016). Among them,
there is a strong correlation between the environmental
load and the nonlinear motion of GPS station
coordinate time series, which is still a research hotspot
(Li et al., 2018). In this case, it is necessary to consider
the influence of environmental load on the GPS
positioning accuracy.

The research on the environmental load caused by
the nonlinear motion of GPS stations mainly includes
the atmospheric, non-tidal ocean and hydrology load
(see, e.g., Jiang et al., 2014). Among them, compared
with the atmospheric and non-tidal ocean loads, the

hydrological load is related to the continental water
storage, which is defined as a virtual sum of soil
moisture, groundwater, snow-pack, surface waters, and
canopy water storages (e.g., Ferreira et al., 2018). The
influencing factors are relatively complex and the load
is not well understood (King et al., 2006; van Dam et
al., 2007). In view of this study, more inland rivers and
lakes in Europe and the snow in high mountain areas
are deeper, which makes the signal of the water
storages large enough to be sensed at the GNSS stations
therein. In this regard, the hydrological load effect is
different from other previous study areas. In addition,
the GPS stations are relatively dense, stable, and the
coordinated data quality is good, so it is worth
exploring. Therefore, the above mentioned factors urge
us to use different geodetic techniques to study the
regional crustal deformation in Europe caused by
the hydrological load.
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At present, some scholars wuse different
hydrological models to study the influence of the
hydrological load on the nonlinear motion of GPS
stations by the Green function (van Dam et al., 2001;
Rajner et al., 2011; Jiang et al., 2013; Dill et al., 2013;
Dill et al., 2015; Xu et al., 2017a; Li et al., 2017a;
Knappe et al., 2019). In addition, with the Gravity
Recovery and Climate Experiment (GRACE) satellite,
some scholars have begun to use GRACE to monitor
the hydrological load deformations, albeit spectral
inconsistencies have been reported between the two
products (Ferreira et al. 2020). They are used to
modify the periodic signals in the GPS time series,
reduce the impact of the seasonal load deformation on
them, and so improve the GPS positioning accuracy
(Lavallée and Blewitt, 2002; Van Dam et al., 2007,
Tregoning et al., 2009; Fu and Freymueller, 2012a; Fu
and Freymueller, 2012b; Hao et al., 2016; Han et al.,
2005; Ding et al., 2018; Li et al., 2019). At the same
time, some scholars have combined GPS, GRACE and
the hydrological model to study the load effect of the
surface quality. Davis et al. (2004) pointed out that the
results observed by GPS were more consistent than
those detected by GRACE in monitoring the vertical
deformation of the hydrological load, which was
significantly larger than that of the hydrological
model. Van Dam et al. (2011) quantified mass loading
model errors by comparison to global GPS position
time series, and the results showed that the reprocessed
GPS vertical coordinates can be used to estimate the
reliability and accuracy of the environmental data sets.
Nahmani et al. (2012) found that the comparison
between GPS and Surface Loading Models (SLMs) in
vertical deformation was better than that of GPS and
GRACE for stations outside the African monsoon
region, which indicated that GRACE cannot detect
local loading deformations, but GPS and SLMs can.
Jiang et al. (2013) used three different environmental
load methods to estimate and nonlinearly modify the
surface displacement in a set of GPS high time series
and found that there were differences in the reduction
of site scattering. Moreira et al. (2016) showed that the
deviation between the monthly vertical component of
GPS and GRACE was smaller than that of the global
hydrological model among the 18 GPS stations of the
Amazon basin, although the root mean squares (RMS)
variation of the GPS series accounts for up to 70 %.
Wu et al. (2017) found that the seasonal crustal
vertical deformation measured by GPS was more
consistent with the results obtained by SLMs than
GRACE, in the Tianshan area, and the correlation was
better, mainly due to the influence of the atmospheric
load. For the European region, some scholars have not
combined GPS, GRACE and the hydrological model,
and the load data sources used are different (e.g., Van
Dam et al., 2007; Ma, 2017). Xiang et al. (2019) used
GPS, LSDM and GRACE data to study the seasonal
crustal deformation in the Asian continent, and found
that the hydrological load effect of LSDM is better
than that of GRACE, and can effectively improve GPS
observations. Although some previous studies have

been carried out, there are obvious differences in
hydrological load effects in different regions, and the
selection of hydrological models will be different.
Especially for the processing of GRACE data by
previous scholars, RLO5 data is mainly used before
single filtering processing. In this study, RL0O6 data
and the combined filtering method are used, so the
GRACE data accuracy will be higher. In addition, in
the hydrological load and GPS phase analysis, the
influence of data non-detrend was not considered.
Europe is rich in water resources, which makes it
different from the other research areas. Therefore, on
the basis of previous works, this paper attempts to use
the data sets of GPS, GRACE and GLDAS to
characterize the hydrological load effect in Europe,
and to determine which data in GRACE and GLDAS
is better for hydrological load effect. In addition, the
influence of the data on the relative phase calculation
of WTC under non-detrend is studied. Meanwhile, we
also discuss the influence of the hydrological load on
GPS observation from the change of RMS value,
which helps us to better understand the seasonal
oscillation in GPS observation from the perspective of
the hydrological load.

In this paper, the least square fitting (LSF)
method is used to extract the seasonal signal of GPS
height and vertical deformation of the hydrological
load of GRACE and GLDAS (e.g., Ferreira et al.
2019). The differences between them are compared
and analyzed from multiple perspectives (e.g.,
Amplitude, Correlation, RMS) to verify which of
GRACE or GLDAS can better reflect the European
regional hydrological load effect. Then, the
relationship between the vertical deformation of
the GRACE hydrological load and GPS height time
series is studied by using the method of SSA, Pearson
seasonal correlation analysis, and wavelet coherence
(WTC) relative phase analysis. Among them, when
calculating the relative phase of WTC, the influence of
detrend and non-detrend processing of GPS and
GRACE data is discussed, and whether the phase
difference is only related to the GPS nonlinear motion,
is analyzed. Finally, the correction effect of the
GRACE hydrological load on GPS height is
quantitatively analyzed by reducing the RMS of the
GPS height, which is used to explain the partial
nonlinear motion of GPS stations caused by
hydrological load.

2. DATA AND METHODS
2.1. GPS DATA

The daily GPS time series data that we use comes
from the International Global Navigation Satellite
System Service (IGS), which is a series of coordinated
data combined solutions and can be found at
(http://garner.ucsd.edu/pub/time series) (Dow et al.,
2009; Rodriguez-Solano et al., 2014). The GPS
observation data are processed tightly with GAMIT
and GIPSY software, and the one-day relaxation
constraint solution is obtained. Then, the exact
positions of GPS stations relative to the coordinate
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Fig. 1

Spatial position distribution map of GPS stations over Europe: the red pentagons represent the

experimental analysis stations (BOR1, KIRU, NOT1, POLV, VILL and ZIMM), and the yellow dots

represent the remaining 41 stations.

reference frame ITRF 2014 are obtained. In theory, the
accuracy of the daily GPS position time series should
be at the millimeter-level in the horizontal
components, and at the centimeter-level in the vertical
components.

The combined solution is an advantage of
accepting different analysis center solutions and
reducing the random noise generated in a single
analysis process, which improves the signal-to-noise
ratio (van Dam et al., 2007). Fritsche et al. (2012)
confirmed that the scattering of the vertical component
of the combined solution weight was 5-15 mm smaller
than that of any single analysis. We removed outliers,
offsets, and linear trends, as in Nikolaidis et al. (2002).
At the same time, considering the problem of missing
data, and based on the basic principle: the number of
consecutive data intervals at each station shall not
exceed 15, and the ratio of missing data to the whole
observation values shall not exceed 1 % (e.g., Li et al.,
2017b). In the analysis, the SSA iteration is adopted to
carry out the data gap-filling with the aid of Singular
Spectrum Analysis-MultiTaper Method (SSA-MTM)
Toolkit (Vautard et al., 1992).

According to the above GPS data processing
strategy, the effects of atmospheric, non-tidal-ocean
and hydrological load are still retained in the GPS
vertical coordinate time series (Geng et al., 2012). In
this study, in order to maintain the consistency of GPS
observation data with the GRACE and GLDAS
hydrological load deformations, we removed the
atmospheric and non-tidal-ocean load data provided
by the Global Geophysical Fluid Center (GGFC), from
the vertical coordinate time series of the daily GPS
station (http://loading.u-strasbg.fr/itrf/cf/). In addition,
we have taken the mean over the 30-days period of
GPS. Considering that the European plate is a tectonic
stable area with minimal tectonic noise, we selected
47 GPS stations located on the European plate from
January 2003 to December 2016, for analysis (Fig. 1).

2.2. GRACE DATA

The GRACE satellite tracks the ranging rate and
distance between two satellites by the K-band ranging
(KBR) system to observe the change in the Earth’s
gravity (Cazenave et al., 2010). Since April 2002, the
global and regional land water mass redistribution has
been constrained by the monthly GRACE gravity
changes and monitored at a spatial resolution of about
330 km (Wabhr et al., 1998). Compared with the Center
for Space Research (CSR) Level 2 RLO5 data, the
RLO6 data (http://icgem.gfz-potsdam.de/grace/level-
2/csr/rl06) has some advantages in periodic change,
accuracy, and spatial resolution characteristics (Gottl
et al., 2018; Bian et al., 2019). Therefore, the data of
CSR RLO06 is used in this study.

Vertical crustal deformation of the Earth's
surface caused by land water migration can be
obtained by a set of load Love and spherical harmonic
coefficients (SHCs) of the gravity field, as follows
(e.g., Kusche et al., 2007; van Dam et al., 2007):

Nmax
Ar6,)=R i

I1=1 m=l1

h'l
1+k,
+AS,, -sin(mA))F, (sin(6))

AC, - )+
( cos(mA) M

where Ar(0,1) is the vertical displacements of the

Earth’s surface, R is the average radius of the Earth
(6371km), A and 0 are the longitude and latitude, AC,,

and AS,,
normalized complex spherical harmonic (Stokes’
coefficients), P, (sin())is the fully normalized

Legendre function of degree / and order m, Ny is the
maximum coefficient of the gravity field model 60,

are the coefficients changes of the

and 4, and k', are the load Love numbers of order /
provided by Farrell (1972).
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The data has been processed in a series of ways,
mainly in that the Degree 2 coefficients obtained by
Satellite Laser Ranging (SLR) are used to replace the
C20 terms with high uncertainty (Chen et al., 2005),
the geocentric correction terms (S11, C11 and C10)
are estimated by Swenson et al. (2008), and the Glacial
Isostatic Adjustment (GIA) is corrected based on the
model provided by Geruo et al. (2013). In addition, in
order to eliminate the North-South "strip" error and
high-frequency error caused by the inversion process,
the combination filtering form of Gaussian filter and
P4M6 de-correlation filter is adopted (Swenson et al.,
2006; Han et al., 2010; Chen et al., 2009).

The time span is 154 months from January 2003
to December 2016, which is the same period as for the
GPS stations. The missing data are filled with
the cubic spline interpolation method, and 168 month's
data are obtained.

2.3. HYDROLOGICAL LOADING DEFORMATION

The surface load models are used for comparison
with GRACE and GPS data, which include terrestrial
water storage loading. Among them, the terrestrial
water storage is the main source of mass variation at
a seasonal timescale (Velicogna et al., 2001; Nahmani
et al., 2012). For the mass loads we use products from
the GGFC available from the School and Observatory
of Earth Sciences (EOST) load service. Among them,
the hydrological load (soil moisture, canopy water and
snow) comes from the data released by the
GLDAS/Noah v1.0 (Rodell et al., 2004), with
a spatial-temporal resolution of 3 hours and 0.25
degrees, respectively, and the areas covered by
permanent ice and snow (Greenland, Alaska and
Alpine glaciers) are removed (Rui, 2011). The product
data is obtained from http://loading.u-strasbg.fr/itrf/cf/ ,
in order to compare with GPS and GRACE data.

2.4. WAVELET COHERENCE METHOD

Firstly, we briefly describe the continuous
wavelet transform (CWT) before introducing the
WTC method. The CWT definition of time series
( Xn ,n=1,2, N)is defined as (Grinsted et al.,

2004):
WX(s)=~dt/ sﬁ:Xﬂ,(pO {(n '— n)é} 2)
n'=1 s

where W'(s) is the wavelet coefficient, s is the
wavelet scale, ¢ and oJr are the mother wavelet

function and the time scale, respectively, and Jot/s
and »' represent the normalization factor and the
reversed time, respectively. The idea of wavelet
transform is that the wavelet as a band-pass filter is
applied to time series where the characteristic period
of the filter is linearly related to the wavelet scale.
Based on the CWT, the WTC of two time series X, and
Y, (n=1,2,...,N) is defined as (Grinsted et al., 2004):

[ses™w (syf

R, (s) W (S)|2).S(S—1 |Wny (S)|2)

n

= 3
S(s™ ©)

where S is the smoothing operator, W* (s) and W (s)
are the wavelet coefficients of X, and Y, time series,
W (S)is their cross-wavelet transform, the complex
argument arg(W.”(S)) is the local relative phase
between X, and ¥, in time-frequency analysis, R,(s) is
the local correlation coefficient, s is the wavelet scale,
and # is the number of stations. The advantage of WTC
is that it can reveal the significant correlation regions
of two time series in time-frequency domain, and
further reveal their relative phases in the region. In
analysis, we use the circular mean of the phase and
WTC-based semblance to quantify the phase
relationship and correlation between two time series.
The circular mean of a set of angles (¢ i=1,2,---, N)

is defined as:
a, =atan2(X,Y)=atan 2(l Z cos(Ot,.),l Z sin(¢, ))
noi nois
4)

We can use circular standard deviation

s=+-2In(R/n) (R=NX>+Y?)to qualify the

scatter of angles around the mean. The WTC-based
semblance is defined as (Cooper et al., 2008):

p=cos(@) )

The range of the p value is - 1 to 0 to 1, which is
expressed as negative correlation, irrelevant
correlation and positive correlation, respectively.
Among them, the closer the value of p is to 1, the
greater the correlation. In this analysis, we compare
the two time series by using WTC-based semblance.

3. RESULTS

Based on the above data processing strategy, the
time series of vertical deformation of GPS, GRACE
and GLDAS for 47 IGS stations were obtained. For
this time series, we removed the linear trend caused by
the tectonic changes (Tregoning et al., 2009; Fu et al.,
2012b; Liu et al., 2017). Thus, a more suitable
hydrological load deformation monitoring model can
be selected from GRACE and GLDAS to modify the
vertical coordinate time series of GPS stations. In
order to further analyze the correlation among the
three time series, the mean, annual and semi-annual,
and trend signals (Nikolaidis, 2002) are calculated by
equation (6).

y=a+bt+csin(2rt)+d cos(27t) +

. 6
+esin(47t)+ f cos(4r) ©)
where ¢ is the time resolution period, a is a constant, b
is linear transformation rates, and c, d, e, and f are
annual and semi-annual periodic  motions,
respectively.
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3.1. SEASONAL VERTICAL CHANGE ANALYSIS IN

GPS, GRACE AND GLDAS

Figure 2 shows the vertical deformation of the
6 GPS experimental stations detrend time series in the
study area. As can be seen from the graph, the vertical
deformations acquired by GPS, GRACE and GLDAS
all show obvious seasonal signals. For the BORI,
POLV, VILL and ZIMM stations, the vertical
deformation derived from GRACE and GLDAS has
a good consistency, and the amplitude is smaller than
the GPS in amplitude, indicating that they may be only
part of the reason for the non-linear vertical motion of
the GPS stations. However, at the NOT1 and KIRU
stations, the vertical deformation signals from GPS,
GRACE and GLDAS are different, so it cannot be
determined which of GRACE and GLDAS is the
better. This conclusion is not completely consistent
with other scholars (van Dam et al., 2007; Ma, 2017),
but is an improvement on previous studies. Then, we
analyzed the time series mean values of all the stations
deformation. As can be seen in Figure 3, the phase is
basically the same, and the amplitude floating is that
the deformation derived from the GRACE data is
relatively larger than that from the GLDAS data, and

both are smaller than that from GPS. In a word, it
shows that the GRACE monitoring hydrological load
effect is better than that of GLDAS in Europe, which
is basically consistent with the analysis of Ferreira et
al. (2019) regarding South America.

Here, in order to further determine which
observation method of hydrological vertical
deformation derived from GRACE/GLDAS is better,
we provide detailed statistical results from the aspects
of correlation and RMS. In terms of correlation,
from Figure 4, we can see that most of the stations
show astrong correlation between GPS and
GRACE/GLDAS. In these stations, the correlation
coefficient between GPS and GLDAS is more than 0.7
for 66 % of the stations, for GPS and GRACE, 79 %
of the stations have a correlation coefficient of more
than 0.7, indicating that seasonal variations may
originate from the same geophysical processes, but
GRACE performs better. Finally, we can see from
Figure 5 that the RMS value of the GPS high time
series changes from 7.26 mm to 11.83 mm, which is
larger than for GRACE and GLDAS. At the same
time, the RMS value of GRACE is very close to that
of GLDAS, but the RMS value of GRACE is less than
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that of GLDAS in general, which indicates that the
amplitude and scatter of the GRACE hydrological
load seasonal fluctuation signal is better than that of
GLDAS. In conclusion, in Europe, the vertical
deformation derived from GRACE can better reflect
the hydrological load deformation of GPS stations
than that from GLDAS.

3.2. COMPARISON AND ANALYSIS OF VERTICAL
DEFORMATION IN GPS AND GRACE
3.2.1. ANNUAL PERIOD SIGNAL AND CORRELATION
ANALYSIS

According to the comparative study of GPS,
GRACE and GLDAS on the vertical deformation of
the hydrological load, their seasonal variations are
mainly reflected in annual periodic variations, and
GRACE is better than GLDAS in Europe. Then, in
order to study the contribution and influence of the
GRACE hydrological load on the nonlinear motion of
GPS, the atmospheric and non-tidal ocean loads are
not processed.

To compare the difference of annual periodic
oscillation signal more accurately between the GPS
height and the GRACE hydrological load vertical
deformation, we use the method of SSA to extract the
signal respectively, which is better than the method of
LSF and Kalman filtering (Li et al., 2017b; Klos et al.,
2018). However, for more details on SSA, refer to the
work of Ghil et al. (2002). According to the time series
analysis of each station in the previous section, we
selected two typical stations for annual periodic
oscillation analysis. Figure 6 shows the changes of
GPS height time series and vertical deformation of the
GRACE hydrological load in the annual periodic
oscillation signal of the two stations. In addition, it can
also be clearly found that although the vertical
deformation amplitude derived from GRACE at the
ZIMM station is smaller than that derived from GPS,
the coincidence between them is relatively high, which
indicates that the GRACE-derived displacement can
well explain the nonlinear motion of the GPS station
at the ZIMM station. However, for the KIRU station,
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there is a great difference between them, and the phase
is not synchronized.

Pearson correlation analysis was applied to
investigate the correlation between GPS height and the
vertical deformation of the GRACE hydrological load.
Figure 7 shows that GPS height and GRACE
hydrological load deformation are positively
correlated for all GPS stations in the study area, and
most of them are strongly correlated (correlation
coefficient is greater than 0.7). Among them, 85 % of
the stations have a correlation coefficient of more than
0.7 and an average correlation coefficient of 0.77,
which indicates that their geophysical processes may
be the same and have a significant hydrological load
effect. At the same time, it can be found that the
correlation coefficients of stations in inland areas and
around high mountains are significantly greater than
0.8 (e.g., ZIMM and LAMA), while the correlation
coefficients of stations in the Mediterranean and the
coastal ocean are relatively small, even less than 0.6
(e.g., ANKR and KIRU). It indicates that the vertical

effect of the hydrological load has obvious spatial and
regional characteristics for GPS stations in Europe.

3.2.2. WAVELET COHERENCE ANALYSIS

Considering that Pearson correlation analysis is
only a type of correlation in the time domain, there are
still several problems in analyzing the special
relationship between the GPS height and the GRACE
hydrological load vertical deformation. On the one
hand, the seasonal signals between them are mainly
reflected in the annual period or other parts, as well as
in frequency. In addition, the correlation and phase
relationship between them may change over time.
Therefore, we propose to use the WTC method to
solve the above problems. For the GPS and GRACE
data, the relative phase is calculated by non-detrend
and detrend, respectively, to analyze the influence of
tectonic deformation on them, which is different from
previous studies (Li et al., 2017a, 2018; Wu et al.,
2017).
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Fig. 7
GPS and GRACE data in the 47 stations.

Figure 8 shows the WTC spectra of GPS height
and GRACE-derived vertical deformation time series
at the KIRU and ZIMM stations. The reason why we
chose these two sites is that in Figures 2 and 6, they
have the maximum opposite correlation and phase,
which are the most representative. The thick contour
represents a 95 % confidence interval for the red noise,
and the phase of the area that is outside the cone of
influence (CIO) is not included because of the edge
effect. This relative phase relationship is represented
by arrows. For example, the reverse phase points to the
left, the same phase points to the right, and the vertical
deformation of the GPS high lag behind the GRACE
hydrological load, points in the vertical direction
(Chen et al., 2011). Notably, the assumed noise model
used in wavelet coherent code, as developed by
Torrence and Compo (1998) and Grinsted et al.
(2004), is a first-order autoregressive (AR (1))
process. However, many studies have confirmed that
the noise model in the GPS time series is mainly
a power-law (PL). In this regard, this may lead to
unreliable conclusions. Considering the influence of
the hypothesized noise model, the method proposed by
Xu (2017b), which extends the significance test with
the Generalized Gauss Markov (GGM) stochastic
model as the null hypothesis, is used to solve this
issue. Langbein (2004) proposed a GGM stochastic
model, in which AR (1) and PL are special cases. The
spectral form of GGM is as follows (Bos et al., 2014):
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1+a2—2acos(2mf/fs)]d

PO = ™
where fg is the sampling frequency. For special cases
when a = 1, GGM is equal to standard PL, and when
d = 1, GGM converts into AR (1). Among them, the
noise model GGM + WH is utilized to establish a null
hypothesis for the significance test.

Figure 8 shows that the correlation between the
two time series is quite high at the frequency closest to

Correlation between vertical deformation time series of non-linear hydrological load derived from

one cycle per year (cpy). From Figures 8a and 8b, we
can see that there are some differences in the relative
phase of the KIRU stations under non-detrend and
detrend, and some significant local correlations are
also different in the spectrum and period, but the
overall difference is small, indicating that we do not
consider detrending for the station. In addition, it can
be seen that the time series relative phase of GPS
observation and GRACE hydrological load vertical
deformation are not in-phase at the period nearest to
one-year for the KIRU station. This indicates that the
hydrological load deformation does not represent the
driving factor of the GPS observation annual
fluctuation. Meanwhile, for the high frequency part
(period less than 8 months), although some significant
local correlations are detected, their relative phase
angle fluctuates sharply indicating that their phase is
not synchronous. Therefore, the evidence supports that
the hydrological load effect cannot explain the sub-
seasonal oscillation in GPS observations (Ray et al.,
2013; Li et al., 2018). In Figures 8c and 8d, it can be
seen that the relative phase of the ZIMM station is
basically consistent with that of non-detrend and
detrend, indicating that the relative phase of the WTC
solution can be solved without detrend processing.
Meanwhile, it can also be seen that the time series of
GPS observation and GRACE hydrological load
vertical deformation are in phase at the closest period
of 1 year for the ZIMM station, and the correlation
coefficient is between 0.9 and 1. This indicates that the
hydrological load of the ZIMM station contributes to
the low frequency components of the GPS
observation, which is the main reason for the annual
fluctuation of the GPS high time series.

From Table 1, we can see that the average
relative phase angle of all stations in the high power
resonance period of nearly one year ranges from - 31°
to 33°, and the overall performance is relatively stable.
At the same time, the relative phase angle is basically
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consistent under the data of non-detrend and detrend,
and the maximum difference is about 1° for the KIRU
station, which has little influence. In this regard, we
find that the relative phase difference between GPS
and GRACE stations is only related to the nonlinear
movement and not to the linear trend caused by long-
term tectonic deformation.

Since, in the range of annual fluctuation, the
relative phase angle of the time variable is very small,
the average WTC-based semblance is calculated to
quantitatively express the relative phase between the
two signals. The same method is used to deal with
other stations in the study area. As shown in Figure 9,
the average WTC-based semblance for most (but not
all) stations is close to 1, which indicates that the
vertical deformation of the GRACE hydrological load
is not the complete expression of the driving force for
the non-linear motion of the GPS stations. At the same
time, we can also see that the average WTC-based
semblances of the ANKR, KIRU, and MIKL stations
are not more than 0.86, while the other stations are
close to 0.96-1.0, indicating that the phase
synchronization of most stations is only asynchronous
in some stations. However, the correlation between
Figures 7 and 9 is different, mainly because Figure 9
shows the correlation of the annual periodic signals,
while Figure 7 shows the correlation of the nonlinear
periodic signals. This shows that the correlation of the
annual periodic signals is relatively higher than that of
the nonlinear periodic signals. In addition, we can also
see that the average phase semblance of non-

detrending stations is basically consistent with
detrending, so WTC can solve the relative phase
without detrending.

3.2.3. QUANTITATIVE ASSESSMENT THE IMPACT OF
HYDROLOGICAL LOAD ON GPS HEIGHT

The reduction of RMS is a common statistical
approach used for quantitative comparison of the
observed and model deformation, as well as for
evaluation of the hydrological load on the GPS high
time series (Dixon, 1991; Tregoning et al., 2009; Fu et
al., 2012b). The RMS reduction rate expressed as
apercentage (RMS %) is used to quantify the
correction performance of the GRACE hydrological
load model for GPS station coordinates. It is defined
as:

RMS(GPS) — RMS(GPS — GRACE)
RMS(GPS)

ARMS%= ®

Figure 10 shows the percentage reduction of
RMS in the GPS high time series. It can be seen that
the percentage reduction of RMS has obvious spatial
and regional characteristics in the revised GPS height.
In the study area, the percentage of RMS reduction of
the inland stations is generally large, especially around
the high mountains, such as the ZIMM station around
the Alpine Mountains, and the REDU, WTZR and
JOZE stations in the Inland areas. However, for the
Mediterranean and coastal sites, such as the ANKR,
KIRU and NOTI1 stations, the RMS reduction is
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Table 1 The average relative phase angles between GPS and GRACE time series of hydrological load vertical

deformation from the 47 stations.

Station Non-detrend Detrend Station Non-detrend Detrend
ankr 31.5° 31.4° nyal -7.1° -6.5°
borl 10.6° 10.5° nyal -6.1° -6.1°
brst -13.1° -13.3° onsa -1.4° -0.8°
bucu 30.6° 30.9° opmt -1.9° -1.9°
bzrg 8.8° 8.9° pado 14.8° 14.7°
ebre -7.5° -7.9° penc 23.8° 23.6°
ffmj 8.7° 8.5° polv 30.0° 30.0°
glsv 30.0° 30.0° pots 8.2° 8.3°
gope 21.8° 21.8° ptbb 2.5° 2.6°
gras -2.2° -2.2° redu 1.4° 1.5°
graz 18.8° 18.9° sfer -28.2° -28.1°
hers -5.5° -5.6° sofi 26.2° 26.1°
joze 3.4° 3.4° spt0 -4.8° -4.0°
kiru -30.2° -28.9° sulp 24.6° 24.6°
lama 12.8° 12.7° tlse -4.7° -4.8°
leij 9.2° 9.1° trol -0.8° -0.2°
Iroc -3.6° -3.7° uzhl 15.6° 15.6°
madr -15.9° -16.1° vill 1.9° 1.6°
mate 5.1° 5.1° Wroc 16.8° 16.8°
medi 4.3° 4.1° wsrt 3.9° 3.9°
mets 8.4° 9.1° wtzr 13.0° 13.0°
mikl 32.9° 32.9° yebe -12.4° -12.5°
morp -19.1° -19.0° zimm 7.5° 7.6°
notl -24.3° -24.5°
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Fig. 9 The average values of the WTC-based semblance that is outside the COI at the period closest to 1 yr for

the 47 stations.

relatively small. This shows that the spatial correlation
between the GPS height and GRACE hydrological
load vertical deformation is consistent with the
percentage reduction of the GPS spatial RMS. In
addition, the RMS value of the GPS high time series
is reduced after the GRACE hydrological load
deformation correction, with an average reduction
value of 24.60%, which indicates the feasibility of

using the GRACE hydrological load to correct the
GPS height time series. At the same time, we can also
see that the RMS has a relatively small reduction for
the ANKR and KIRU stations, with a reduction of less
than 16 %, and the relative phase between the GPS
height and the GRACE hydrological load deformation
is obviously asynchronous.
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Fig. 10 GPS RMS reduction (%) obtained by subtracting GRACE hydrological vertical deformation from

GPS height for 47 GPS stations.

4. DISCUSSION
4.1. DIFFERENCES OF HYDROLOGICAL LOAD

DEFORMATION BETWEEN GRACE AND
GLDAS

Davis et al. (2004) and Morira et al. (2016) found
that GRACE had better hydrological load effect than
GLDAS, derived by studying the correction analysis
of the hydrological load on the GPS observation time
series in the Amazon region, which may be related to
the land water and groundwater signals, as further
discussed in Ferreira et al. (2019). For Europe, the
overall elevation is low, the snow exists in high
mountains, and the water network is dense on the
mainland, making the hydrological vertical load effect
obvious. However, compared with GRACE, GLDAS
data only includes soil water, snow, and canopy water,
but not surface water (rivers, lakes) and groundwater,
so the hydrological load effect is weaker that than of
GRACE. In addition, the main issue is the spectral
inconsistencies as has been discussed in Ferreira et al.
(2020).

4.2. COMPARISON BETWEEN GPS HEIGHT TIME
SERIES AND GRACE LOAD DEFORMATION

Generally, the GPS and GRACE data sets are
highly consistent in the amplitude and phase of annual
vertical signals at most stations. In this study, the GPS
and GRACE data have differences in the amplitude
and phase of the vertical deformation. Tregoning et al.
(2010) thought that the differences between them were
mainly caused by the local effect of the station and the
inadequate spatial resolution of GRACE. Based on the
RMS of GPS stations, the RMS is partially reduced by
the modification of the GRACE surface water load.
Therefore, the hydrological load deformation derived
by GRACE is smaller than the height of GPS (Ma,
2017). Another reason is that the GRACE
hydrological load vertical deformation and regional

GPS height have certain errors in estimation. For
example, in terms of GPS coordinate data, the
fluctuation errors of the model mainly come from the
orbit model error, different environmental load effects
(atmosphere, non-tidal ocean, and hydrological load),
temperature, and the Earth’s rotation, amongst other
factors. However, for the GRACE time-varying
gravity field model to calculate the wvertical
deformation of the load, the main errors are the
idealization of the crust hypothesis, the omission error,
the correlation error of the spherical harmonic
coefficient, and the signal leakage in the inversion
process. In addition, other geophysical effects (e.g.,
groundwater) and errors in hydrological load
deformation modeling (e.g., interpolation algorithm)
may also lead to the phase asynchrony between the
GPS observation and the GRACE hydrological load.

4.3. REGIONAL DIFFERENCES OF THE GPS
HYDROLOGICAL LOAD CORRECTION

In the analysis of the correlation between the
GPS height and GRACE hydrological load vertical
deformation and the reduction percentage of the GPS
high RMS, there are obvious spatial and regional
characteristics, which are caused by various complex
natural factors. For example, the main reason for the
obvious hydrological load effect of the ZIMM station
is that the station is located in the Alps Mountains,
which include such peaks as Mont Blanc and Monte
Rosa. It is precisely because the snow on these peaks
does not melt all the year round that the hydrological
load of the ZIMM station is relatively large. However,
the internal regional stations of the European continent
(e.g., GLSV and POLV) are relatively low in
elevation, distributed along the Dnieper River, close to
the inland river water source, and have relatively high
soil moisture, which results in a relatively large
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hydrological load of the stations. In addition, the
hydrological load is also related to the climate around
the station (e.g., temperature, precipitation, and
evaporation) and the vegetation coverage, so its causes
are relatively complex and there is a need to consider
a variety of factors.

5. CONCLUSIONS

Based on the study of the vertical deformation of
the hydrological load at IGS stations over Europe,
GRACE is used to monitor the influence of the
hydrological load on the non-linear motion of GPS
stations. The main conclusions are as follows:

1. By comparing the vertical deformation of the
GRACE and GLDAS hydrological loads with
GPS stations, we find that GRACE is closer to the
GPS in seasonal signal amplitude; For correlation,
the number of stations between GPS and GRACE
with correlation coefficients over 0.7 (79 %) is
larger than that between GPS and GLDAS (66 %);
For RMS, the amplitude and scatter of the
GRACE hydrological load seasonal fluctuation
signal is better than that of GLDAS. In a word, the
monitoring of the hydrological load effect based
on GRACE is better than that of GLDAS, which
has not been studied before in Europe.

2. On the vertical deformation annual period and
relative phase signals of GPS and GRACE data,
we find that the ZIMM station annual periodic
signals, extracted by SSA, show good agreement,
while the KIRU station show a significant
difference. Through the average phase
semblances calculate by WTC, it is found that the
average value of the WTC-based semblance for
most stations ranges from 0.96 to 1.0, and that
some stations (e.g., ANKR, KIRU, and MIKL) do
not exceed 0.86. It indicates that the GRACE
hydrological load deformation is not the complete
expression of the driving force for the GPS
stations non-linear motion. In addition, the
relative phase of the WTC solution is basically
consistent under non-detrend and detrend, and is
generally relatively stable, indicating that the
long-term tectonic deformation of the crust has
little effect on the relative phase angle calculated
by WTC, which can help us better understand the
causes of phase differences in seasonal changes in
the future.

3. In terms of correlation and RMS reduction, the
correlation coefficients of 85% of the stations
exceed 0.7, which indicates that there is
a significant hydrological load effect in Europe.
At the same time, in the inland area and around
the high mountains, we found that the correlation
coefficients of the stations are obviously greater
than 0.8, and the average RMS reduction value is
24.60 % (e.g., ZIMM and LAMA), while the
correlation coefficients of the stations in the
Mediterranean and the coastal ocean are relatively
small, even less than 0.6, and the RMS reduction
percentage is less than 16 % (e.g., ANKR and

KIRU). This indicates that the hydrological load
effect of the GPS stations over Europe has
obvious spatial and regional characteristics,
which help us better understand the GPS
observations from the view of the hydrological
load. Finally, the reasons for the differences of the
hydrological load deformation among GPS,
GRACE and GLDAS, and the reasons for the
spatial characteristics of the GPS height modified
by GRACE are discussed.
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