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ABSTRACT

We analyze more than 10 years of Global Positioning System (GPS)
height residuals and vertical displacements predicted from surface mass
loading observed by the Gravity Recovery and Climate Experiment
(GRACE) for 36 International GNSS Service (IGS) stations over Europe.
Seasonal sutface displacements, mostly due to atmospheric and hydro-
logical loading, are significant in both GPS and GRACE measurements.
With an extended time period, our new analysis based on release 05
GRACE data from Center for Space Research (CSR) shows considerably
improved agreement between GPS and GRACE than that from previous
studies, for not only annual but also interannual signals. The GPS height
residual series at most stations exhibit reduced weighted root-mean-
squares (WRMS) after removing GRACE-derived vertical displacements,
which is attributed to improved accuracy of both GPS and GRACE data
products. Furthermore, we demonstrate the necessity of reducing leak-
age bias in GRACE estimates for the study of surface loading deformation
using GRACE satellite gravity observations.

1. Introduction

Mass transport and redistribution within the Earth
system, including the atmosphere, hydrosphere, ocean,
cryosphere, mantle and core, are driving forces of tem-
poral variations of geodetic observables, such as grav-
ity change, Earth’s rotation, geocenter motion and
elastic surface displacements [Mangiarotti et al. 2001].
These geodetic observables can be measured by mod-
ern space geodetic techniques with increasing and un-
precedented accuracy. Surface displacements can be
determined fairly well by GPS observations and other
remote sensing techniques (e.g., InNSAR), owing to con-
tinuous improvements in data quality and data pro-
cessing methods.

Time series generated from continuous GPS ob-
servations reveal significant non-linear variations that

contain contributions from various sources. One of the
main sources is surface mass loading that includes at-
mospheric, oceanic and hydrological effects. The sur-
face loading deformation can be estimated using
predictions from numerical models for different com-
ponents (e.g., atmosphere, ocean and hydrosphere) of
the climate system. Atmospheric surface pressure esti-
mates from advanced atmospheric general circulation
models are reasonably accurate owing to the large
amount of available in situ meteorological observations
that can be assimilated into the atmospheric models
[Kalnay et al. 1996]. However, model-estimated ocean
bottom pressure (OBP) and terrestrial water storage
(TWS) changes, especially the latter, are believed to be
with large uncertainty, due to the lack of adequate in
situ observations and immaturity of the models [Déll et
al. 2003, Rodell et al. 2009].

The Gravity Recovery and Climate Experiment
(GRACE) satellite gravity mission, whose primary ob-
jective is to measure global mass redistribution through
its integrated gravitational effect, provides a unique
means for measuring mass redistribution on global
basis with unprecedented accuracy [Tapley et al. 2004].
GRACE has accumulated over 14 years of monthly
measurements of the global surface mass change, in-
cluding TWS change, oceanic mass change, and ice mass
change over polar ice sheets and mountain glaciers
[Cazenave and Chen 2009]. Although the spatial resolu-
tion of GRACE observations is not comparable with
those of model estimates, the global coverage, extended
record (over 14 years now), and increasing accuracy have
made GRACE a useful data resource for studying global
mass variations and their various applications.

Some previous studies have compared GPS dis-
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placements with GRACE measurements, in order to in-
terpret the loading deformations observed in GPS data,
especially for those in vertical direction. On one hand,
some researchers have found good agreement. Davis et
al. [2004] found good consistency between GPS and
GRACE-derived height time series for the sites in the
Amazon river basin, and demonstrated that GRACE
can be used to monitor deformation of the Earth’s sur-
face. Tregoning et al. [2009] also reported good agree-
ment in different regions (for seasonal deformations
with both large and small amplitudes) globally, and at-
tributed these to reductions of spurious signals in GPS
analysis. Fu and Freymueller [2012] found close corre-
lations in seasonal variations between GPS and GRACE
in the Nepal Himalaya region. Valty et al. [2013] showed
reasonable agreement between GPS and GRACE results
at interannual time scales in southern Europe. On the
other hand, some researchers have found discrepancies
between GPS and GRACE. For instance, van Dam et al.
[2007] showed that the annual amplitudes of vertical de-
formation signals varied considerably in GPS heights
from site to site over western Europe, and deviated from
GRACE-derived vertical displacements. They suggested
that the discrepancy was mainly due to technique errors
in GPS data processing. Similarly, King et al. [2006] also
found poor agreement between GPS and GRACE ob-
servations, and indicated that the discrepancy might be
due to errors in GPS data and un-modeled non-geo-
physical effects in GPS time series.

In this paper, we reanalyze the vertical displace-
ments in western Europe using GPS observations and
GRACE surface loading measurements. The signal am-
plitudes in this region are relatively small, where pre-
vious studies [e.g., van Dam et al. 2007] showed large
discrepancy between GPS and GRACE observations.
We focus on the seasonal (mainly annual) and interan-
nual variations in vertical displacements using updated
GPS data, and compare them with the new version (re-
lease-5, RLO5) of GRACE data (previous studies in the
region were based on GRACE RL04 or earlier solutions),
with the consideration of degree-1 geocenter terms
provided by Swenson et al. [2008]. We also apply a scal-
ing factor method to correct the amplitude attenuation
effect in GRACE-derived vertical loading displacements,
in order to find out whether better agreement in am-
plitudes could be obtained between GPS and GRACE-
derived height time series.

2. Data
2.1. GRACE data

We use GRACE RL05 GSM time-variable gravity
solutions provided by the University of Texas Center

for Space Research (UTCSR) for the period from Au-
gust 2002 to October 2014 [Bettadpur 2012]. Each
monthly solution consists of fully normalized spheri-
cal harmonic Stokes coefficients to degree and order
60. We have replaced the GRACE C, coefficients by in-
dependent estimates from the satellite laser ranging
(SLR) provided by UTCSR [Cheng et al. 2013]. As at-
mospheric and oceanic effects have been removed dur-
ing GRACE data processing through the dealiasing
process [Bettadpur 2012], GRACE GSM spherical har-
monic coefficients mostly represent contributions from
terrestrial water mass on land (e.g., soil moisture, snow
and ice, and groundwater) and residual mass change
over the ocean.

Vertical displacements due to hydrological loading
are calculated from GRACE coefficients as follows [van
Dam et al. 2007]

dr(6,¢)= Ri 21: W, B, (cos6)(C,, cos(m¢)+

h
+S,_sin (m¢ ))lle{ (1)

where, dr(0,¢) is the vertical displacement of the
Earth’s surface, R is the radius of Earth, 131 1, ar€ nor-
malized Legendre functions of degree 1 and order m,
and C,  and S,  are the Stokes coefficients. hj and k;
are the load Love numbers of degree 1, which are used
in this study with the values defined in a Gutenberg-
Bullen (G-B) Earth model provided by Farrell [1972].
W, is the weighting function of Gaussian smoothing
[Jekeli 1981, Wahr et al. 1998], with a filtering radius of
300 km in this study. Note that the 1=1 terms that rep-
resent geocenter motion are not included in the
GRACE solutions.

2.2. GPS data

In this analysis, we use the JPL GIPSY solutions of
daily GPS heights for 36 sites in Europe (Bock and
Webb [2012]; ftp:/ /sopac-ftp.ucsd.edu/pub/timeseries/
measures/ats/). The locations of used GPS sites are
shown in Figure 1. The GPS data sets cover the same
period as GRACE (2002.08 - 2014.10). JPL’s reanalysis
orbit and clock products are determined using a set of
models in a free-network reference frame, including
gravity from Earth, Sun, Moon, and other planets,
DE421 planetary ephemeris, GSPM10 satellite solar
pressure model, IAU06 model for precession and nuta-
tion, IERS2010 tides model, FES2004 ocean loading
model, and IGS satellite and receiver antenna phase
center models. Outliers, mean, trend and coseismic
jumps are removed from the time series. There are
more than 1100 global GPS sites from the JPL GIPSY
products, and about 100 sites located in Europe. For
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Figure 1. Locations of 36 selected GPS sites (marked by red dots) in
western Europe.

comparison purposes, we select the 36 sites in western
Europe that have been included in previous studies
[e.g., van Dam et al. 2007].

3. Seasonal and interannual vertical displacements
from GPS and GRACE

In order to compare GPS results with GRACE es-
timated hydrological loading deformation (based on
GRACE GSM gravity solutions as described in 2.1), the
GPS data have to be corrected for atmospheric and
non-tidal oceanic loading. We derive the atmospheric
and non-tidal oceanic loading vertical displacements
using the GRACE AOD1B dealiasing products [Flecht-
ner et al. 2014]. In particular, when using Equation (1)
here, the degree-1 components of vertical displace-
ment should be calculated using corresponding Stokes
coefficients and Love numbers that are converted to
values in the center of the figure (CF) reference frame.
The conversion of Stokes coefficients in different ref-
erence frames has been discussed in Swenson et al.
[2008], and the different values of degree-1 load Love
numbers in different reference frames have been sum-
marized in Blewitt [2003].

For the sake of comparison, the GPS and GRACE
data should be represented in a consistent reference
frame. We calculate the vertical displacement using de-
gree-1 “GSM-like” Stokes coefficients provided by
GRACE Tellus website (http://grace.jpl.nasa.gov/;
Swenson et al. [2008]) and remove them from the GPS
heights so that both GPS and GRACE data sets are now

in the CM (center of mass) reference frame. Note that
the degree-1 Stokes coefficients are defined in the CF
frame and thus the corresponding load Love number
should also be used in this frame.

We analyze the periodic components of the dis-
placement series by estimating their amplitudes and
phases from least squares fitting. Using a weighted least
squares fit, first we extract the annual and semiannual
amplitudes and phases of GPS height residuals (after
removing the atmospheric and oceanic loading effects),
then we derive those from the GRACE-predicted verti-
cal displacements. The results for annual components
are listed in Table 1. The semiannual component shows
considerably weaker amplitudes than annual ones, thus
are not included for brevity sake of Table 1. Figure 2
shows the GPS height residuals and GRACE-derived
vertical displacements due to hydrological loading in 8
selected sites. Annual variations dominate in both GPS
and GRACE-derived time series, and the two results
agree quite well in both amplitudes and phases for the
annual terms at most of the selected sites.

To compare the results at interannual time scales,
we apply a 13-month moving average (with half weight
assigned to the first and last values and full weight to
the rest) to both GPS and GRACE monthly time series,
and then compute correlation coefficients and weighted
root-mean-square (WRMS) reductions for the 8 se-
lected stations (with the coefficient values and percent-
ages shown at the bottom of each subplot in Figure 3).
The correlation coefficients are computed at zero phase
lags, reflecting the correlation between two observa-
tions affected by the same loading effects (i.e., hydro-
logical loading in this study). The WRMS of the GPS
height or GRACE-derived vertical displacement of a
given site is computed as

_ [P
WRMS[GPS, or GRACE, ]=, / Y
)

Then the percentage of WRMS reduction reflect-
ing the degree of agreement between GPS and GRACE
reads

WRMS reduction =
WRMS[GPS, |- WRMS[GPS, — GRACE, ]
X 100%
WRMS[GPS, |
3)

where X;;1s the vertical displacement, X, is the weighted
mean value of it and P, is the weight at site i in month j.

We show the phasor diagram in Figure 4, with ar-
rows representing the amplitudes and phases of annual
vertical displacements from GPS or GRACE data at
each of the 36 selected GPS sites. The estimated errors
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Hydrological loading
Sites Difference  Difference
WRMS Restored before after Reduced
Amplitude Phase Amplitude Phase reduction  amplitude  restoring restoring  difference?
(GPS) (GPS) (GRACE)  (GRACE) (%) (GRACE) (%) (%) (y/n, %)
bor1 1.39 7.23 2.61 6.81 11.79 2.79 87.77 100.72 n
bucu 3.19 6.86 3.40 6.32 -3.49 3.70 6.58 15.99 n
ebre 0.84 5.36 1.23 8.17 18.16 0.89 46.43 5.95 y (40.48)
glsv 4.13 7.15 3.90 6.20 13.29 4.13 -5.57 0.00 y (5.57)
gope 1.63 8.71 2.67 6.81 -17.77 2.62 63.80 60.74 y (3.07)
graz 1.98 7.65 2.85 6.76 31.72 2.74 43.94 38.38 y (5.56)
hers 1.02 3.61 1.41 8.40 27.32 1.26 38.24 23.53 y (14.71)
joze 2.36 3.94 2.83 6.60 23.19 2.87 19.92 21.61 n
kiru 5.75 8.90 2.02 6.63 3.21 2.23 -64.87 -61.22 y (3.65)
lama 1.98 7.76 2.57 6.78 26.18 2.79 29.80 40.91 n
Iroc 1.14 8.46 1.65 7.92 6.83 2.07 44.74 81.58 n
maré6 2.56 8.76 2.02 7.09 8.72 1.85 -21.09 -27.73 n
mate 1.37 7.17 2.20 7.11 -8.75 1.69 60.58 23.36 y (37.23)
mets 2.68 7.77 2.34 6.87 4.55 2.24 -12.69 -16.42 n
notl 1.92 4.85 0.98 8.67 -7.15 0.76 -48.96 -60.42 n
nyal 1.44 3.28 0.69 4.09 15.69 1.58 -52.08 9.72 y (42.36)
nyal 1.26 4.53 0.69 4.09 -9.24 1.58 -45.24 25.40 y (19.84)
onsa 1.56 3.73 1.50 7.33 -5.62 1.32 -3.85 -15.38 n
pado 0.04 4.69 2.40 6.81 -1.54 2.31 5900.00 5675.00 y (225.00)
penc 2.74 7.58 3.07 6.61 -5.28 3.15 12.04 14.96 n
polv 3.51 6.27 4.22 6.11 17.09 4.50 20.23 28.21 n
pots 2.57 8.00 2.21 6.93 -3.89 2.42 -14.01 -5.84 y (8.17)
ptbb 0.78 7.68 1.96 6.94 19.94 2.35 151.28 201.28 n
redu 0.36 8.52 1.82 7.29 13.66 2.15 405.56 497.22 n
riga 2.74 8.18 2.47 6.84 2.66 2.67 -9.85 -2.55 y (7.30)
sfer 1.08 4.36 1.07 3.18 -15.89 1.57 -0.93 45.37 n
spto 0.86 4.29 1.61 7.28 6.99 1.76 87.21 104.65 n
svtl 2.25 7.14 3.15 6.58 -15.54 2.96 40.00 31.56 y (8.44)
tlse 0.43 8.07 1.63 7.74 5.67 2.31 279.07 437.21 n
trol 1.40 7.35 1.30 6.56 3.86 1.63 -7.14 16.43 n
vill 1.98 5.36 1.40 7.89 10.69 1.94 -29.29 -2.02 y (27.27)
wsrt 1.15 3.55 1.41 7.26 25.21 1.57 22.61 36.52 n
wtzr 1.28 7.35 2.56 6.81 12.78 2.48 100.00 93.75 y (6.25)
yebe 0.68 7.98 1.43 7.82 -24.85 1.90 110.29 179.41 n
zimm 0.61 7.19 2.26 6.99 -4.64 2.57 270.49 321.31 n
zwe2 3.45 6.53 4.34 6.36 -4.05 4.41 25.80 27.83 n

Table 1. Annual amplitudes and phases of GPS, GRACE and restored GRACE estimates, and their comparisons. (The annual amplitude A
and phase ¢ are defined as A sin [27(t—t,) + ¢], where t is 2002.0. Unit of amplitude is mm; unit of phase is month; column 8 = (column 4 —

column 2) + column 2X100%; column 9 = (column 7 — column 2) + column 2X100%; if |column 9| < |column 8|, mark “y” and compute
|column 8| — | column 9| in column 10).
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Figure 2. Comparisons of monthly GPS height residuals and GRACE-derived vertical displacements at 8 selected GPS sites. Atmospheric
and oceanic loading effects have been removed from both GPS height residuals (black curves) and GRACE-derived vertical displacements (red

curves), so the GPS and GRACE results here reflect hydrological loading deformation.
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Figure 4. Annual amplitudes and phases of GPS height residuals (left) and GRACE-derived vertical displacements (right). The annual phase
is defined as ¢ in sin[27(t—t )+ ¢], where t; refers to the start of the year (e.g., 2002.0). The length of the arrow represents the annual am-
plitude of the site, and the direction of the arrow is the peak-value month counted counterclockwise from the east (January to December).
The red arrow on the upper left represents the average annual amplitudes and phases of the 36 selected sites in Europe. The scale of the arrow

is marked on the lower left. Background color maps show gridded estimates of annual amplitudes of vertical displacements predicted from
GRACE GSM products. A 300 km Gaussian smoothing has been applied to the GRACE data.

of annual amplitudes are also presented in Figure 4 by
circles at the arrow heads. The error of annual GPS
height amplitude at each site is estimated from the GPS
formal error provided by the JPL product, through
error propagation in least squares. We estimate the
error of GRACE derived displacements by analyzing
the residual Stokes coefficients following Wahr et al.

35

90" N
30
25
20
15
410 §
60" N El
15 2
g
=40 o
z
4.5 ®
-10
-15
30 N -20

4mm

3mm

Figure 5. WRMS reductions when GRACE signals have been re-
moved from GPS heights. Colors of the circles and scales on right
represent the percentages of WRMS reduction. Background color
map and scale (at the bottom) are the same as in Figure 4.

[2006] and applying the error propagation law in the
loading deformation calculation with spherical har-
monic series as well as in the least squares fitting of the
seasonal signals.

The amplitudes and phases of GPS observed an-
nual vertical displacements are less spatially coherent
than GRACE results, especially in coastal regions (Fig-
ure 4). However, the mean amplitudes and phases (shown
by red arrows in the upper left corners in the two sub-
figures of Figure 4) of GPS and GRACE estimates agree
well, i.e. on the order of 2 mm in amplitude and peak-
value month between June and July in phase.

The weighted root-mean-square (WRMS) reduction
is commonly used to verify whether the GPS time series
agree well with GRACE hydrological loading contribu-
tions [van Dam et al. 2007]. Figure 5 shows the WRMS re-
ductions when GRACE-derived vertical displacements
have been removed from GPS height residuals. For the
sites where the WRMS reduction values are positive
(marked with warm or red color in Figure 5), the agree-
ment between GPS and GRACE displacements is good.
Larger positive WRMS reduction values indicate better
agreement. Whereas for sites where the WRMS reduc-
tion values are negative (marked with cool or blue color
in Figure 5), the agreement between GPS and GRACE
displacements is bad. Larger negative WRMS reduction
values indicate worse agreement. The distribution of
WRMS reductions is shown in Figure 6 as a histogram.
For the 36 GPS sites over the studied European region,
we find 22 sites showing positive WRMS reduction val-
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ues. For the positive WRMS reductions, many of them
(17 of 22 sites) are in the range of 0-20%. While for the
negative numbers, they are mainly in the range of —10-
0% (10 of 14 sites), which is smaller than the positive.

While van Dam et al. [2007] found only 10 out of
51 sites with reduced WRMS, our results show better
agreement between GPS vertical displacements and
GRACE loading contribution. Moreover, the inland
sites exhibit larger positive WRMS reduction values,
which suggests that the areas with more evident hy-
drological loading effect (see the background color map
in Figure 5) have better agreement between GPS and
GRACE displacements. This conclusion could further
be derived from Figure 7. In Figure 7, we separate the
36 sites into 3 groups according to their WRMS reduc-
tions, which are larger than 15%, between 0 and 15%,
and smaller than 0, and show their GPS and GRACE
annual amplitudes and mean amplitude of each group.
Evidently, the sites with larger amplitudes of loading
signal have better agreement between GPS and GRACE
data (larger WRMS reductions).

number

-30 -20 -10 0 10 20 30 40
WRMS reduction (%)

Figure 6. Distribution of WRMS reductions

4. Restoring amplitudes of GRACE estimates

At high degrees and orders, GRACE Stokes coeffi-
cients are dominated by noise, including longitudinal
stripes, and other errors. In the present study, a 300 km
Gaussian smoothing is applied to GRACE data, in order
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Figure 7. Relationship between WRMS reductions and loading signal amplitudes for three selected groups of the 36 sites. The three panels
represent WRMS reductions are: (a) larger than 15%; (b) between 0 and 15%; (c) smaller than 0. The height of bar represents annual am-
plitude of GPS/GRACE vertical displacements at the site. The dash line represents the mean GPS/GRACE amplitude of the class. WRMS

reduction of each site is marked above the bar.
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to suppress the spatial noise in GRACE data. However,
applying 300 km Gaussian smoothing will not only re-
duce most of the short wavelength spatial noise, but
also attenuate the amplitude of real signals and mean-
while cause leakage effects [e.g., Chen et al. 2007].
Therefore, the GRACE-derived vertical displacements
probably underestimate the real deformation. Thus the
amplitude of real signal needs to be restored. Landerer
and Swenson [2012] elaborated the restoring method
of using three scaling factors systematically when esti-
mating surface mass changes using GRACE data. We
apply the method here in order to investigate the im-
pact of correcting leakage effects in the study of load-
ing deformation.

First, we adopt the Global Land Data Assimilation
System (GLDAS) - NOAH terrestrial water storage
(TWS) model data [Rodell et al. 2004], and convert
them into Stokes coefficients up to degree and order
180, which approximately correspond to spatial scales
of ~110 km (roughly 1 degree at the equator). Next,
we calculate the vertical displacements using GLDAS
Stokes coefficients with truncation at degree 180, and
show the corresponding annual amplitudes in the stud-

(@) 90°N

60 N

30°N

(c) 90°N

60° N

30°N

(b)

ied region in Figure 8b. Then, in order to be consistent
with GRACE data processing, we truncate the GLDAS
Stokes coefficients at degree 60 and apply the 300km
Gaussian smoothing. The annual amplitudes of the
truncated and smoothed results are shown in Figure 8a.
We assume that the amplitude reduction from Figure
8b to Figure 8a represents the attenuation effect. At
each grid point, the ratio (i.e., a scaling factor) between
Figure 8a and Figure 8b can be computed. Then the
scaling factors for the entire region can be applied to
restore the true magnitude of the signals.

Assuming that the GRACE data are subject to an
equivalent attenuation effect, we can apply the GLDAS
model derived scaling factors to vertical displacements
predicted by GRACE GSM products (Figure 8c) to ob-
tain the “restored” GRACE results (Figure 8d). After
restoration by these scaling factors, we find vertical dis-
placements for the areas in the northwestern Iberian
Peninsula, midwestern Balkan Peninsula and around
the Black Sea, are significantly recovered in the signal
amplitudes.

The annual amplitudes after the restoring for all
the 36 GPS sites are listed in Table 1 for comparisons.
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Figure 8. Gridded estimates of annual amplitudes of vertical displacements before and after restoring. The estimates are derived from: (a)
GLDAS-NOAH with Stokes coefficients truncation at degree 60 and 300 km Gaussian smoothing; (b) GLDAS-NOAH with Stokes coefficients
truncation at degree 180; (c) GRACE GSM products with Stokes coefficients truncation at degree 60 and 300 km Gaussian smoothing; (d)

restored annual amplitudes of GRACE-derived vertical displacements.
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The differences between the two GRACE amplitudes
(with or without restoring), which can easily be com-
puted (column 7 - column 4), are not shown for brevity
sake of Table 1. 24 of 36 differences are positive, re-
flecting that the amplitudes have increased after restor-
ing. To some extent, the restoring leads to improved
agreement in annual amplitude. We compute the dif-
ferences between the annual amplitudes of GRACE
and GPS estimates before and after restoring (shown in
column 8 and 9 of Table 1), and find that 15 of 36 sites
have reduced differences after restoring (| column 9| <
| column 8|), marked with “y” in column 10. We also
show the differences | column 9| — | column 8| of these
“y-mark” sites in column 10, which could be used to
quantify the effectiveness of the signal restoring
method. For example, sites ebre, hers, mate, nyal, nyal,
vill have values larger than 10%, which could be re-
garded as being relatively well restored. Note that the
value at pado (also >10%) is unreliable because it is far
larger than the others. The reason may be that the leak-
age effect of GRACE signal from nearby field causes
the huge discrepancy between GPS and GRACE data,
and also the large percentage.

5. Conclusions and discussion

Using an extended record of GPS and GRACE data,
we reanalyze seasonal vertical displacements due to hy-
drological loading of 36 GPS sites over Europe, and
show improved agreement between GPS and GRACE
results than those from previous studies. We find 22 GPS
sites show notably reduced WRMS, when GRACE-de-
rived hydrological loading deformations are removed
from GPS observations. The mean amplitudes and
phases of GPS observations and GRACE-derived load-
ing deformations for the 36 sites agree remarkably well.
In addition, GPS observations and GRACE results show
good agreement at interannual time scales at a few GPS
sites (which could reach up to >0.8 correlation coeffi-
cients and >35% WRMS reduction).

The improved agreement can be attributed to a
number of reasons. First, we use a longer record of GPS
time series with improved data quality. The phasor dia-
grams (Figure 4a) show a good degree of spatial coher-
ence, especially at the inland GPS sites, which reveals
considerable improvement than those in previous stud-
ies [van Dam et al. 2007], demonstrating the improved
quality of GPS data. The current formal errors of GPS
height measurements are about half of those several
years ago. The newer version (RL05) GRACE data and
the extended record of GRACE time series also help im-
prove the estimated hydrological loading deformations.

It is noticeable that the GRACE results show more
spatial coherence than GPS data do, and the inland sites

in Europe show better spatial coherence than the
coastal sites do. GPS data are in situ point-wise meas-
urements, which tend to be affected by local distur-
bances, such as artificial effects and small-scale weather
impacts. For coastal GPS sites or those located on is-
lands, hydrological loading effects are relatively small.
Therefore, GPS observed seasonal vertical deformation
signals are considerably smaller in the coastal regions
(see Figure 4). Thus the GPS estimates of annual am-
plitudes and phases in those regions are expected to be
with relatively larger uncertainty. The inland sites have
higher signal-to-noise-ratio and show better spatial co-
herence because larger loading effects are expected.

In addition, the annual amplitude of geocenter
correction we applied ranges from 0.4 mm to 0.6 mm
over the studied region, which is relatively small com-
pared to the seasonal loading signal (a few mm). Given
the relatively small magnitude of the geocenter correc-
tion, the uncertainty in estimated seasonal geocenter
variations [Swenson et al. 2008] is unlikely to be the main
error source responsible for the discrepancy between
GPS and GRACE results, even though the exact uncer-
tainty of the geocenter correction is presently not clear.

As the GRACE-derived loading deformations are
expected to be affected by attenuation due to the trun-
cation and spatial filtering applied to GRACE data, we
estimate potential attenuation effects on annual ampli-
tudes of GRACE-derived vertical displacements using
the scaling factor method [Landerer and Swenson 2012]
based on the TWS changes estimated from GLDAS
models. After restoring the GRACE annual amplitudes,
only less than half of the GPS sites (i.e., 15 over 36)
show improved agreement between GPS and GRACE
estimates. Possible reasons are as follows: (a) since the
scaling factors are derived from GLDAS-predicted TWS
changes, the method is only valid when the model-pre-
dicted TWS could perfectly resemble the true TWS
change signal for the studied region; Thus any uncer-
tainty in GLDAS TWS predictions will contaminate the
estimated scaling factors and affect restored GRACE es-
timates; (b) the loading deformation signals in western
Europe are relatively small (<5 mm in annual ampli-
tude in vertical direction, as shown by the background
map of Figure 5), and more likely to be affected by ob-
serving noise in the GPS data; (c) a number of studied
GPS sites are located along the coastline or nearby the
coastal regions, so for these sites the GLDAS-derived
scaling factors are more subject to large uncertainty
than for those sites of inland regions (due to the com-
plicated leakage effect between land and ocean); (d) the
scaling factor method might be less reliable when ap-
plied at gridded points (as applied in this study) than at
regional scales (for total or average changes of the re-
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gion); and (e) the JPL GPS products may underestimate
the true loading deformation. Despite of the above fac-
tors, the restoring experiment at least suggests that
non-negligible attenuation effects exist in the study of
surface loading deformation using GRACE satellite
gravity observations.

Furthermore, we have done additional tests with
similar GPS products provided by other institutions,
such as the Scripps Orbit and Permanent Array Center
(SOPAC) GPS solution, and the MEaSURESs combina-
tion solution which combines the JPL and SOPAC so-
lutions (also on ftp:/ /sopac-ftp.ucsd.edu/pub/timeseries/
measures/ats/). We have found significant discrepan-
cies in the estimated seasonal vertical deformations from
different GPS products, which is likely due to the dif-
ferent data calibration strategies and inconsistent defi-
nitions of reference frame used in the different solutions.
For the present study we adopt the JPL, GPS height so-
lutions in the present study to be consistent with pre-
vious studies for comparison sake.

Another factor that possibly affects GPS-estimated
annual amplitudes of vertical deformations is the sys-
tematic error associated with the draconitic period of
351.2 days in GPS data [Ray et al. 2007, Fu et al. 2015].
Accurate separation of this systematic error from the
true annual deformation signal (~365.25 days) is chal-
lenging due to the close periods of the two terms. There-
fore, in the present study we do not take into account
the potential systematic error, whereas this might affect
the comparisons between GPS and GRACE results.

The GRACE mission is entering its 15th year, and
the GRACE Follow-On mission is scheduled to be launched
in 2017. With the extended data record of GRACE time
series (now over 14 years), and improvement of data
quality and data processing methods, GRACE time-
variable gravity measurements will continue offering
great potential to improve understanding of the global
mass redistribution and vertical deformation of the
Earth surface at a broad band of frequencies.
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Data and sharing resources

The GPS height time series can be found at
ftp:/ /sopac-fip.ucsd.edu/pub/timeseries/ measures/ats/ .

The GRACE gravity coefficients can be found at
ftp:/ /podaac-ftp.nasa.jpl.gov/allData/grace/.

The GLDAS model data can be found at
ftp:/ /hydro1.sci.gsfc.nasa.gov/data/sd4pa/ GLDAS_V1/.

References

Bettadpur, S. (2012). Gravity recovery and climate ex-
periment, Level-2 gravity field product user hand-
book (Rev. 3.0, May 29, 2012), GRACE 327-734
(CSR-GR-03-01), UTCSR, Texas, USA.

Blewitt, G. (2003). Self-consistency in reference frames,
geocenter definition, and surface loading of the
solid Earth, J. Geophys. Res. Solid Earth, 108, 2103;
doi:10.1029/2002JB002082.

Bock, Y., and EH. Webb (2012). MEaSURE:s Solid Earth
Science ESDR System, La Jolla, California and
Pasadena, California USA, Digital media.

Cazenave, A., and J.L. Chen (2009). Time-variable grav-
ity from space and present-day mass redistribution
in the Earth system, Earth Planet Sci. Lett., 298, 263-
274; d0i:10.1016/].epsl.2010.07.035.

Chen, J.L., C.R. Wilson, J.S. Famiglietti and M. Rodell
(2007). Attenuation effect on seasonal basin-scale
water storage changes from GRACE time-variable
gravity, J. Geod., 81, 237-245; d0i:10.1007/s00190-
006-0104-2.

Cheng, M., B.D. Tapley and J.C. Ries (2013). Decelera-
tion in the Earth’s oblateness, J. Geophys. Res. Solid
Earth, 118, 740-747; doi:10.1002/jgrb.50058.

Davis, J.L., P. Elosegui, J.X. Mitrovica and M.E.
Tamisiea (2004). Climate driven deformation of the
solid Earth from GRACE and GPS, Geophys. Res.
Lett.; doi:10.1029/2004GL.021435.

Doll, P, F. Kaspar and B. Lehner (2003). A global hy-
drological model for deriving water availability in-
dicators: model tuning and validation, J. Hydrol.,
270, 105-134; doi:10.1016/S0022-1694(02)00283-4.

Farrell, W.E. (1972). Deformation of the Earth by Sur-
face Loads, Rev. Geophys. Space Phys., 10, 761-797;
doi:10.1029/RG010i003p00761.

Flechtner, F., H. Dobslaw and E. Fagiolini (2014). Grav-
ity recovery and climate experiment, AOD1B prod-
uct description document for product Release 05 (Rev.
4.2, May 20, 2014), GRACE 327-750 (GR-GFZ-AOD-
0001), GFZ Potsdam, Potsdam, Germany, 33 p.

Fu, Y., and J.T. Freymueller (2012). Seasonal and long-
term vertical deformation in the Nepal Himalaya
constrained by GPS and GRACE measurements, J.
Geophys. Res. Solid Earth, 117, B03407; doi:10.1029/
2011JB008925.



GPS/GRACE LOADING DEFORMATION IN EUROPE

Fu, Y., D.E Argus and EW. Landerer (2015). GPS as an
independent measurement to estimate terrestrial
water storage variations in Washington and Oregon,
J. Geophys. Res. Solid Earth, 1-15; doi:10.1002/ (ISSN)
2169-9356.

Jekeli, C. (1981). Alternative methods to smooth the
Earth’s gravity field, Report No. 327, Reports of the
Department of Geodetic Science and Surveying,
Columbus: The Ohio State University.

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D.
Deaven, L. Gandin, M. Iredell, S. Saha, G. White,
J. Woollen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W.
Higgins, J. Janowiak, K.C. Mo, C. Ropelewski, J.
Wang, A. Leetmaa, R. Reynolds, R. Jenne and D.
Joseph (1996). The NCEP/NCAR 40-Year Re-
analysis Project, Bull. Am. Meteorol. Soc., 77, 437-
471; doi:10.1175/1520-0477.

King, M., P. Moore, P. Clarke and D. Lavallée (2006).
Choice of optimal averaging radii for temporal
GRACE gravity solutions, a comparison with GPS
and satellite altimetry, Geophys. J. Int., 166, 1-11;
doi:10.1111/j.1365-246.

Landerer, EW,, and S.C. Swenson (2012). Accuracy of
scaled GRACE terrestrial water storage estimates,
Water Resour. Res.; doi:10.1029/2011WR011453.

Mangiarotti, S., A. Cazenave, L. Soudarin and J.E Cre-
taux (2001). Annual vertical crustal motions pre-
dicted from surface mass redistribution and observed
by space geodesy, J. Geophys. Res. Solid Earth, 106,
4277-4291; doi:10.1029/2000JB900347.

Ray, J., Z. Altamimi, X. Collilieux and T. van Dam (2007).
Anomalous harmonics in the spectra of GPS position
estimates, GPS Solut., 12, 55-64; doi:10.1007 /51029
1-007-0067-7.

Rodell, M., PR. Houser, U. Jambor, J. Gottschalck, K.
Mitchell, C.-J. Meng, K. Arsenault, B. Cosgrove, J.
Radakovich, M. Bosilovich, J.K. Entin, J.P. Walker,
D. Lohmann and D. Toll (2004). The Global Land
Data Assimilation System, Bull. Am. Meteorol. Soc.,
85, 381-394; doi:10.1175/BAMS-85-3-381.

Rodell, M., 1. Velicogna and J.S. Famiglietti (2009).
Satellite-based estimates of groundwater depletion
in India, Nature, 460, 999-1002; doi:10.1038/nature
08238.

Swenson, S., D. Chambers and J. Wahr (2008). Esti-
mating geocenter variations from a combination of
GRACE and ocean model output, J. Geophys. Res.
Solid Earth, 113, B08410; doi:10.1029/2007JB005338.

Tapley, B.D., S. Bettadpur, M. Watkins and C. Reigber
(2004). The gravity recovery and climate experi-
ment: Mission overview and early results, Geophys.
Res. Lett.; d0i:10.1029/2004GL019920.

Tregoning, P., C. Watson, G. Ramillien, H. McQueen

11

and J. Zhang (2009). Detecting hydrologic deforma-
tion using GRACE and GPS, Geophys. Res. Lett.;
doi:10.1029/2009GL038718.

Valty, P, O. de Viron, I. Panet, M. Van Camp and J.
Legrand (2013). Assessing the precision in loading
estimates by geodetic techniques in Southern Eu-
rope, Geophys. J. Int., 194, 1441-1454; doi:10.1093/
gji/ ggtl73.

van Dam, T., J. Wahr and D. Lavallée (2007). A com-
parison of annual vertical crustal displacements from
GPS and Gravity Recovery and Climate Experiment
(GRACE) over Europe, J. Geophys. Res. Solid Earth,
112, B03404; doi:10.1029/2006JB004335.

Wabhr, J., M. Molenaar and F. Bryan (1998). Time vari-
ability of the Earth’s gravity field: Hydrological and
oceanic effects and their possible detection using
GRACE, J. Geophys. Res., 103, 30205-30230; doi:10.
1029/98]B02844.

Wabhr, J., S. Swenson and I. Velicogna (2006). Accuracy
of GRACE mass estimates, Geophys. Res. Lett., 33,
L06401; doi:10.1029/2005GL025305.

*Corresponding author: Songyun Wang,

Shanghai Astronomical Observatory, Chinese Academy

of Sciences, Shanghai, China; University of Chinese Academy
of Sciences, Beijing, China; email: wsy(@shao.ac.cn.

© 2016 by the Istituto Nazionale di Geofisica e Vulcanologia. All
rights reserved.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /AndaleMono
    /Apple-Chancery
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /CapitalsRegular
    /Charcoal
    /Chicago
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /GadgetRegular
    /Geneva
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /HelveticaInserat-Roman
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /Impact
    /Monaco
    /NewYork
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /Palatino-Roman
    /SandRegular
    /Skia-Regular
    /Symbol
    /TechnoRegular
    /TextileRegular
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.10000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.10000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.08250
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /ITA <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


