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Temporal mass variations in the continental hydrosphere and in the atmosphere lead to changes in
the gravitational potential field that are associated with load-induced deformation of the Earth’s crust.
Therefore, models that compute continental water storage and atmospheric pressure can be validated by
measured load deformation time series. In this study, water mass variations as computed by the Water-
GAP Global Hydrology Model (WGHM) and surface pressure as provided by the reanalysis product of
the National Centers for Environmental Prediction describe the hydrological and atmospheric pressure
loading, respectively. GPS observations from 14 years at 208 stations world-wide were reprocessed to
estimate admittance factors for the associated load deformation time series in order to determine how
well the model-based deformation fits to real data. We found that such site-specific scaling factors can
be identified separately for water mass and air pressure loading. Regarding water storage variation as
computed by WGHM, weighted global mean admittances are 0.74 £ 0.09, 0.66 +0.10, 0.90 + 0.06 for the
north, east and vertical component, respectively. For the dominant vertical component, there is a rather
good fit to the observed displacements, and, averaged over all sites, WGHM is found to slightly overes-
timate temporal variations of water storage. For Europe and North America, with a dense GPS network,
site-specific admittances show a good spatial coherence. Regarding regional over- or underestimation
of WGHM water storage variations, they agree well with GRACE gravity field data. Globally averaged
admittance estimates of pre-computed atmospheric loading displacements provided by the Goddard
Geodetic VLBI Group were determined to be 0.88 & 0.04, 0.97 +0.08, 1.13 £0.01 for the north, east and
vertical, respectively. Here, a relatively large discrepancy for the dominant vertical component indicates
an underestimation of corresponding loading predictions.
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1. Introduction

To understand the Earth system and its temporal changes, a
reliable description of geophysical processes that imply mass trans-
port is needed. At the global scale, the water cycle comprises the
most significant processes associated with mass exchange between
the oceans, the continents and the atmosphere up to seasonal and
interannual time scales. In addition, mass redistribution in the
atmosphere, characterized by pressure changes, plays an important
role. These processes are simulated by ocean circulation, hydrolog-
ical and atmospheric models, respectively. To assess the validity
and uncertainty of such global models, independent measurements
of mass transport or the resulting temporal mass changes are
required.
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Temporal mass changes in the Earth system are reflected in
both gravity field variations, and load deformation of the Earth’s
crust that is associated with the Earth’s response to mass changes.
While global-scale gravity field variations are observed by the Grav-
ity Recovery and Climate Experiment (GRACE) satellite mission,
space geodetic techniques such as the Global Positioning System
(GPS), Very Long Baseline Interferometry (VLBI) and Satellite Laser
Ranging allow the measurement of site position displacements. In
particular, gravimetric and geometric measurements complement
each other (e.g. Davis et al., 2004; van Dam et al., 2007).

GPS measurements are significantly affected by site displace-
ments that are caused by crustal deformation. The application of
related deformation time series for the purpose of GPS observa-
tion reduction is not yet a common standard. Rather, the effect of
the residual displacements is retained in the adjusted observations
and cause site coordinate estimates to show systematic variations
with respect to a mean position (linear model including velocities).
For instance, Dach et al. (2011) showed an improved repeatability
of weekly GPS station heights between 10 and 20% on average if
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corrections for the effect of atmospheric pressure loading to GPS
observations were applied.

The aim of this study is to contribute to the validation of
global-scale hydrological and atmospheric models using GPS mea-
surements. Computed changes in GPS site positions, as propagated
from modelled variations in continental water storage and atmo-
spheric pressure, are combined with GPS observations. For this
purpose, the model-based mass changes, i.e. the estimates of
surface mass loads, were supplemented with a gravitationally
consistent ocean response (Farrel and Clark, 1976), and used to
compute site displacements separately for the effects of continental
water storage (hydrological loading HYDL) and atmospheric pres-
sure (atmospheric loading ATML). Finally, the site displacement
time series were used to adjust reprocessed GPS measurements
of a global network with more than 200 stations (Steigenberger
etal., 2006), in order to estimate site-specific and globally averaged
deformation admittance factors.

2. Methodology
2.1. Modelling loads and deformation

In this study, we use time series of spatially distributed model-
based surface mass load estimates related to both continental water
storage and atmospheric surface pressure. However, in terms of the
total load potential exerted on the Earth, the two models cannot
be simply added and then propagated to changes in the Earth’s
geometric shape due to lacking gravitational consistency of the
hydrological and atmospheric input models. In particular, total load
mass is not conserved and the implied sea level does not represent
an equipotential surface of the Earth’s gravity field including the
load (Clarke et al., 2005).

Consequently, for determining the total time-variable load T,
we did not only consider the load due to continental water storage
and atmospheric pressure but also due to the passive ocean load
in order to enforce gravitational consistency on the input models
(Blewitt and Clarke, 2003; Clarke et al., 2005). Hence, the contri-
butions from continental water storage and atmospheric pressure
form the dynamic load D which is complemented by the passive
oceanic load S. All quantities are expressed in terms of the equiv-
alent height of a column of sea water with density ps. The total
surface load potential T is written as a function of geographic posi-
tion 2 (longitude A, latitude ¢)

T(£2) = D(2)+S(2) = Ziznfmyg?ﬂ (1)

n=1m=0 @

with un-normalized spherical harmonic basis functions Y;2,(£2) and
load coefficients T2, of degree n and order m. ® € {C, S} identifies
the expansion’s cosine and sine component. As mass conservation
is required, the total load’s degree-zero term vanishes. In contrast,
degree-zero terms of the dynamic and passive ocean load are gen-
erally non-zero (Dgg=—Spo # 0) which is predominantly caused
by the seasonal ocean-continent mass exchange.

The ocean’s response to the dynamic load is characterized by the
fact that the passive load is in hydrostatic equilibrium with the total
load’s gravitational potential field on time scales of several days.
Therefore, S(€2) is evaluated by the sea-level equation (cf. Dahlen,
1976; Farrel and Clark, 1976), which has the following general form

S(2) = C(Q) [(V(Q) + AV)g™" - sh()] . )

Here, C(€2) is the ocean-function (zero over land and unity over
oceans). V(2) denotes the resulting change in the potential that
is caused by the total load itself and the accompanied solid Earth
deformation (cf. Farrell, 1972). The gravitational acceleration at the

Earth surface is given by g, the constant term AV ensures mass
conservation. The radial change in the Earth surface §h(£2)is accom-
panied by the lateral changes in site position én(£2), §e(2) in north
and east direction, respectively. The topocentric surface deforma-
tion d=[én, e, §h]’ induced by the total load T(£2) can be computed
according to the load Love number formalism (Farrel and Clark,
1976)

n
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Here, I;, and h, denote the degree-dependent load Love numbers
and pg is the mean density of the Earth. In particular, both the defor-
mation potential V(£2) and the vertical surface displacement §h(£2)
directly depend on D(€2) and S(£2).

2.1.1. Hydrological loading

Time-variable HYDL was derived from temporal and spatial vari-
ations of continental water storage, i.e. of water mass on all land
areas of the globe except Antarctica and Greenland, as computed by
the WaterGAP Global Hydrology Model WGHM (Déll et al., 2003).
WGHM computes time series of water flows and water storage.
Based on monthly time series of observed precipitation (GPCC Full
Data Product Version 3, Rudolf and Schneider, 2005) and other
climate variables, precipitation is partitioned into evapotranspira-
tion and runoff which is routed downstream to the ocean or to
internal sinks, taking into account the effect of wetlands, lakes and
man-made reservoirs. In addition, the impact of human water con-
sumption on the total water storage is taken into account (Alcamo
et al., 2003). WGHM is tuned against long-term averages of river
discharge observed at 1235 gauging stations around the world
(Hunger and D611, 2008). Seasonal variations are the dominant stor-
age change signal, with maximum values in the marginal tropics
and in snow-dominated high-latitude areas. Interannual variations
are associated with large-scale oscillations such as El Nifio Southern
Oscillation (Giintner et al., 2007).

2.1.2. Atmospheric loading

To take into account ATML, we did not process data from
an atmospheric model but introduced pre-computed surface dis-
placement values.! Using elastic Green’s functions (numerically
evaluated for a spherically symmetric, nonrotating, elastic and
isotropic Earth model adopting PREM elastic parameters), Petrov
and Boy (2004) calculated three-dimensional non-tidal surface dis-
placements based on a global convolution of surface pressure field
variations as provided by the National Centers for Environmental
Prediction (NCEP). They showed that their computed ATML dis-
placements are suitable for the reduction of VLBI measurements.
In this study, we made use of corresponding time series that are
routinely provided on a global grid (2.5° x 2.5°) with a 6 h subdaily
resolution. The inverted barometer (IB) effect is applied yielding
an uniform pressure over the ocean domain. The computed dis-
placements refer to the center of mass that includes the solid Earth
and the atmosphere. Accordingly, changes in the total atmospheric
mass which actually exist on annual and interannual time scales

! http://gemini.gsfc.nasa.gov/aplo.
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(Trenberth and Smith, 2005) are omitted and thus neither con-
tribute to the surface deformation derived nor change the total
mass of the considered system (solid Earth plus atmosphere).

2.1.3. Passive ocean load

For the purpose of this study, we expanded the mass distribu-
tion provided by the WGHM model into a time series of spherical
harmonic coefficients (nmax = 100) with monthly resolution and a
linear fit (offset and rate) removed. Concerning the loading effect
due to atmospheric pressure, we introduced the pre-computed
global grid data and inverted Eq. (3) in order to expand daily dis-
placement averages into a series of spherical harmonic coefficients
(nmax =100). Both hydrological and atmospheric model contribu-
tions were considered to constitute the dynamic load D in Eq. (1)
and were used to solve for the passive ocean load S according to Eq.
(2).

Based on the time-variable coefficients derived, a principal com-
ponent analysis (PCA) was performed in the spectral domain for
HYDL, ATML and the resulting passive ocean load. Each first eigen-
vector, i.e. that component contributing the largest proportion of
the total variance, was evaluated in the space domain and is shown
in Fig. 1 (left). In addition, Fig. 1 (right) provides the correspond-
ing principal components describing the temporal evolution of the
eigenvectors. For WGHM, the first eigenvector accounts for about
48% of the total variance and shows a strong annual variation. The
spatial pattern clearly separates continental regions of large water
storage variability. In particular, it can be seen, that Greenland and
Antarctica are not included in the WGHM model. For the atmo-
spheric load, the first eigenvector is less dominant as it contributes
only 24% of the total variance. Again, the related principal compo-
nent shows a clear annual variation. In contrast, the passive ocean
load is dominated by its first eigenvector which contributes about
93% of the oceanic variance. The related principal component rep-
resents an almost uniform change in the mean sea level caused by
the seasonal ocean-continent mass exchange.

With regards to Eqgs. (1) and (2), S has to be computed as the
ocean’s response to the total load potential comprising continen-
tal water storage and atmospheric pressure in this study. However,
Dahlen (1976) showed the linearity of the sea-level equation sup-
posing a constant ocean function and Earth model (i.e. the load Love
numbers here). Hence, for practical reasons, the individual passive
ocean contributions were added separately.

Concerning atmospheric pressure, the adopted IB hypothesis
causes only mean pressure changes to affect ocean areas (Petrov
and Boy, 2004). Moreover, the sea level response to changes in the
gravitational potential induced by atmospheric mass redistribution
is neglected. Therefore, we obtained a non-zero solution for S when
considering atmospheric pressure loading only. However, the rel-
ative magnitude of this effect is rather small. It relates to surface
displacements on the order of sub-millimeter which is still within
the error budget of 15% as reported for these model computations.

2.2. Geodetic concept

Accounting for ATML induced deformation, van Dam and
Herring (1994) analyzed the reduction of variance of VLBI base-
line length estimates. Approximately 60% of the modelled air
pressure loading was found to be present in respective baseline
residuals. Similar results were obtained for GPS (van Dam et al.,
1994). Linear ATML regression coefficients between vertical site
displacements and local pressure variations have been derived as
estimable quantities from VLBI (MacMillan and Gipson, 1994) and
GPS observations (Kaniuth and Vetter, 2005). Their results reveal
an improved baseline length repeatability but also demonstrate
the limitations of fitting local pressure variations to deformation
caused by regional pressure anomalies.

Petrov and Boy (2004) validated modelled ATML displacements
by estimating the admittance of site-specific pressure loading
deformation time series from VLBI observations. The atmospheric
pressure loading signal was expressed as the product « - d, where
d is the modelled deformation signal and « the associated admit-
tance factor. Loading displacements calculated in response to global
air mass redistribution were introduced for all station coordinate
components. The admittance factors were estimated from the orig-
inal load-induced VLBI observations applying the commonly used
least-squares adjustment (LSA).

Both ATML and HYDL affect GPS observations. Therefore, we
adopt the approach of Petrov and Boy (2004) and express the com-
bined loading signal d as the sum of the HYDL (H) and ATML (A)
effect (in vector notation)

(H.A}
d:Zdiag[af" at ath]d;. (4)
i

The load-induced displacements are computed for each network
site according to Eq. (3). The resulting time series dy=[dny,
dey, O6hy] and da=[dna, dea, Shal are then applied in order
to derive the admittance factors ay = [af{”,a‘SHe,af{h]/ and op =

[o3T, o, a‘;A“]/ (topocentric north, east and up) for each individ-
ual site. Along with other relevant (technique-specific) parameters,
the factors « are obtained as estimable quantities from a LSA of
GPS observations 1. The corresponding observation equations are
linearized according to a first-order truncated Taylor series expan-
sion introducing approximate a priori values ® for the unknown
parameters. The necessary partial derivatives ol/da read as

follows

d;
ol odlodx al
— = —— = —diag[R; --- R : 5
%~ 9xa - x Z[Ry Kl : (5)
dk
where x are Cartesian station coordinates. R; denotes a 3 x 3 rota-
tion matrix for each site (i=1, .. ., k) that relates the topocentric site

displacements to the geocentric Cartesian system.

Discrepancies in both amplitude and phase between the mod-
elled and the observed loading signal cause admittance estimates
to differ from unity. Regarding the estimation of admittances, it
has to be considered that the partial derivatives dl/d« in Eq. (5) are
directly proportional to the displacements applied. Consequently,
the time series dy and d, of the same site must not show large cor-
relations for any component. Otherwise, the estimated admittance
factors will be near rank-deficient. In particular, they are expected
to be anti-correlated if both time series reveal a significant signal
amplitude for the same frequency while being close in or opposite
in phase. Furthermore, the accuracy of estimating oy depends
on the ratio of the modelled signal with respect to the sum of the
measurement noise and remaining observation residuals, e.g. orig-
inating from deficiencies in the tropospheric delay or satellite orbit
modelling.

2.3. GPS observation processing

Monthly surface load coefficients derived from WGHM were
added by a passive ocean load contribution that is induced only
by changes in continental water storage. Then we applied Eq.
(3) using degree-1 load Love numbers in the center of mass
(CM) reference frame (Blewitt, 2003) along with linear interpo-
lation in order to obtain daily three-dimensional displacements
dy for the globally distributed network sites. Concerning ATML
d,, the grid values were interpolated to the individual site posi-
tion. Subsequent 6-h samples were linearly interpolated to the GPS
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Fig. 1. Principle component analysis: components contributing the largest variance (first eigenvector e, left column, proportion of total variance explained in brackets) for
the continental water storage, air pressure and passive ocean load (from top to down) as well as time series of related principle components (right column).

observation epoch. In addition, we accounted for the effect of the
S1- and Sy-atmospheric tides (Ponte and Ray, 2002) and added
the passive ocean load contribution from the atmosphere as daily
average.

We modified the Bernese GPS Software version 5.0 (Dach et al.,
2007) to set up site-specificadmittance factors as estimable param-
eters according to Eq. (5) for 208 stations world-wide. Preprocessed
double differenced phase observations as a result from a repro-
cessing effort of Technische Universitdt Dresden and Technische
Universitdt Miinchen were used to derive global GPS solutions
by producing daily normal equation (NEQ) systems for the time
interval 1994.0-2008.0. According to common practice, we intro-
duced a priori admittance factors a® = 1 for the computation of both
the approximate observations and the partial derivatives. In con-
sequence, the adjusted observations contain the corrections due
to HYDL and ATML deformation which has been shown to be the
most appropriate way to account for tidal and non-tidal ATML dis-
placements (Tregoning and van Dam, 2005). In general, the final
admittance factors are given according to o =o® + Aa.

With regards to the GPS observation modelling, neglected load-
induced crustal deformation can partially be compensated by a
mismodelling of the zenith hydrostatic delay (ZHD) (cf. Tregoning
and Herring, 2006; Steigenberger et al., 2009). Similarly, this holds
for the HYDL and ATML effect (Tregoning and Watson, 2009). There-
fore, estimated admittance factors are systematically affected by
deficiencies in the representation of the tropospheric delay. Con-
sequently, we introduced the ZHDs derived from a global grid

representation? and applied the corresponding hydrostatic and wet
Vienna Mapping Functions VMF1 (Boehm et al., 2006) for the esti-
mation of 2-h tropospheric zenith delays.

The resulting daily NEQ systems span the time interval
1994.0-2008.0 and were combined to explicitly solve for sta-
tion coordinates (and velocities), Earth rotation parameters (pole
coordinates)and constant site-specific admittance factors ina com-
mon adjustment. In case of a GPS-GPS-collocation (more than one
receiver occupied at the same station, 29 collocations in total)
the corresponding admittance parameters were combined on the
NEQ level before the generation of the solution. To invert the
rank-deficient accumulated normal equation matrix, additional no-
net-rotation conditions were applied with respect to the station
network orientation and the respective orientation rate (cf. Riilke
et al.,, 2008; Fritsche et al., 2009).

3. Results
3.1. Separability of loading signals
Our principal component analysis (Fig. 1) shows that the HYDL

signal is dominated by an annual variation, while the ATML sig-
nal is characterized by an annual variation and further relevant

2 http://ggosatm.hg.tuwien.ac.at/DELAY.
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Fig. 2. Separability of hydrological (HYDL) and atmospheric pressure (ATML) loading deformation time series. Amplitudes of Fourier spectra averaged over all sites (top,
multiples of annual harmonic highlighted), histograms of the phase difference between the annual variations of HYDL and ATML (center), and histograms of error-correlation
coefficients between the admittance factor estimates of HYDL and ATML time series (bottom).

constituents at subannual frequencies. This confirms conclusions
by Schmidt et al. (2008) regarding HYDL (obtained from the anal-
ysis of GRACE and hydrological model data), and of Petrov and
Boy (2004) regarding ATML. To test whether modelled HYDL and
ATML displacement time series are largely uncorrelated such that
ay and ap could be estimated separately, we applied fast Fourier
transformations to each displacement time series. The top panel
of Fig. 2 shows the mean amplitudes of Fourier spectra that result
from averaging over all sites. With the exception of an annual vari-
ation, both types of deformation time series considerably differ in
the spectral domain thus ensuring the partial derivatives dl/day 5 to
show less correlations with anincreased observationinterval. How-
ever, for both HYDL and ATML displacements the annual fraction is
most important and therefore dominates the derivatives. Accord-
ingly, we computed the phase difference between the HYDL and
ATML annual fractions for each site (Fig. 2 center). For the major-
ity of sites, the modelled HYDL and ATML annual variations are
neither in nor opposite in phase, a fact that helps to discriminate
both sources of deformation. In fact, the relatively small correla-
tions between the estimated site-specific admittance factors ay
and a4 per component as extracted from the error-covariance
matrix (Fig. 2 bottom) confirm the possibility of their simultane-
ous estimation. Therefore, our set of GPS data can be used for a
joint validation of both hydrological and atmospheric model.

3.2. Site-specific deformation admittance

Although WGHM is defined for continental regions only, the
global convolution of respective mass redistribution causes surface
deformation for ocean sites, too. The top panel of Fig. 3 illustrates
the root mean square (RMS) of the time series of HYDL deformation
from 1994.0 to 2008.0. Only a small number of sites is located in

regions where the total loading effect reaches its largest amplitudes
(e.g. close to the Amazon basin or Siberia). However, for 60% of the
208 GPS sites, the RMS of the total displacement is larger than 3 mm,
with dominant contributions from the vertical component. Esti-
mated site-specific admittance factors related to HYDL are shown
in the bottom panel of Fig. 3. The closer to 1 the deformation admit-
tance values are, the better WGHM can explain parts of observed
GPS site displacements. If the admittance is smaller than 1, WGHM
overestimates the site displacement and thus continental water
mass variations. Regarding the north and east components, 37%
and 30% of the sites, respectively, show a factor of 0.8 < oy < 1.2. For
the dominant vertical displacement component, 47% of the sites are
within this range. These sites are predominantly located in Europe
and North America but many ocean sites are included, too.

Surface deformation due to ATML shows a signal that is com-
parable in amplitude to HYDL, but has a different spatial pattern
(Fig. 4 top). For 58% of all sites, the RMS of the total displacement
time series is larger than 3 mm. Surprisingly, a very good agreement
between the model and real observations can be deduced from the
north component. Here, 78% of all sites show an admittance factor
of 0.8 <ap <1.2. In comparison, with 58% and 56%, the agreement
is somewhat worse for the east and vertical component, respec-
tively. Like for HYDL, best values are obtained for sites in Europe
and North America (Fig. 4 bottom).

As stated in Section 2.2, the accuracy of the admittance esti-
mation depends on the signal to noise ratio, i.e. the amplitude of
the deformation. Fig. 5 shows the obtained site-specific admittance
factors as a function of the RMS of associated HYDL and ATML dis-
placement time series (top and center). In comparison to ATML
admittance factors, HYDL admittance factors reveal a larger scat-
ter with respect to the average for all three components. For both
HYDL and ATML, the vertical component clearly shows that the
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Fig. 3. Root mean square (RMS) of modelled surface displacements due to continental water storage variations as computed by the WaterGAP Global Hydrological Model
(Doll et al., 2003) for the time period 1994.0-2008.0 (top), and estimated site-specific admittance factors of associated deformation time series (bottom). Circles depict the

GPS sites used in this study.

scatter of computed admittances decreases with increasing RMS
of the associated deformation time series. Moreover, admittance
factors corresponding to larger load deformation converge to the
average value. Furthermore, we generated a separate solution in
which the admittance factors were estimated for the combined
loading effect (Fig. 5 bottom). A general feature that can be observed
is the increased RMS of the combined loading time series for all
three components. As the annual HYDL and ATML variations are
not out of phase (Fig. 2 bottom) they do not cancel each other out.
Rather, individual contributions tend to amplify the total effect.
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3.3. Globally averaged deformation admittance

In order to assess the overall performance of the load-induced
displacement time series and thus of the geophysical models, we
determined the globally averaged deformation admittance as a
weighted mean of the site-specific values. Corresponding results
were obtained by the combination of site-specific factors at the NEQ
level. Since the partial derivatives dl/da are directly proportional
to the modelled signal d, the global admittance factors ade-
quately account for the individual contributions. We generated four
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Fig.4. Root mean square (RMS) of modelled surface displacements due to atmospheric pressure loading (computed by Petrov and Boy, 2004) for the time period 1994.0-2008.0
(top), and estimated site-specific admittance factors of associated deformation time series (bottom). Circles depict the GPS sites used in this study.
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Fig. 5. Deformation admittance factors estimated from 14 years of GPS measurements. Best fit is obtained between modelled and observed GPS site displacements if
admittance equals 1. Site-specific factors (dots) for hydrological (HYDL, top), atmospheric (ATML, middle) and combined (HYDL + ATML, bottom) deformation time series.
HYDL and ATML specific results stem from a common solution. Site-specific estimates are plotted against the RMS of corresponding displacement time series (see top of

Figs. 3 and 4). Dashed lines and boxed numbers refer to globally averaged values.

individual solutions in which the HYDL and ATML loading cor-
rections were applied differently. The results are summarized in
Table 1 and depicted by dashed lines in Fig. 5.

In solution [1] we accounted for both model corrections, while
the admittance was determined for both fractions separately. The
averaged HYDL admittance (weighted by the deformation signal
amplitude, see above) was estimated to be 0.74 for the north,
0.66 for the east and 0.90 for the vertical component (Fig. 5 top).
Notably larger values are obtained for the ATML signal, with 0.88,
0.97 and 1.13, respectively (Fig. 5 center). When compared to
the HYDL model, the horizontal ATML components show a bet-
ter fit to the GPS measurements as the admittances are closer to
1. In addition, standard deviations of the site-specific admittance
factors with respect to the global averages are larger for HYDL
than for ATML (Table 1 and Fig. 5). In general, admittance fac-
tors below 1 indicate that the geophysical model overestimates the
actual load contributions present in the measurements. The ATML
vertical component is the only one that appears to be underesti-
mated.

Next we stacked the parameters oy and oa from solution [1]
prior to the NEQ inversion in order to solve for one common fac-
tor, i.e. setting ay =wx. In consequence, the resulting admittance

Table 1

factors of solution [2] refer to the combined loading signal (HYDL
plus ATML). Admittance factors of solution [2] are between the
values for ATML and HYDL obtained for solution [1] because both
loading models show similar RMS (Fig. 5 bottom, cf. top of Figs. 3
and 4). In two further solutions we either took into account only
HYDL (solution [3]) or ATML (solution [4]). When accounting for
the deformation caused by only one source, the admittance esti-
mates show small deviations from those obtained in the reference
solution [1]. The largest difference appears in case of the north
ATML component, while differences for the dominant vertical com-
ponents are negligible (Table 1). Hence, our results confirm the
feasibility of a comparison of admittance estimates that stem from
other analyses in which either the effect from HYDL or ATML has
been considered.

Furthermore, solution [4] is comparable to the results obtained
by Petrov and Boy (2004) who accounted only for the effect induced
by ATML but not by HYDL. With regards to the global ATML admit-
tance, they obtained 1.00 and 0.95 for the horizontal and vertical
component, respectively, as compared to our solution [4*], with
0.86 and 1.14, respectively. Observations from VLBI seem to better
fit to the same a priori ATML model than GPS observations do. The
improved performance in the study of Petrov and Boy (2004) may

Globally averaged deformation admittance factors « from 14 years of GPS measurements.

Solution number Correction for HYDL/ATML ONorth QlEast oup

HYDL ATML HYDL ATML HYDL ATML
1 +[+ 0.74+0.09 0.88+0.04 0.66+0.10 0.97+0.03 0.90+0.06 1.13+0.01
2 +[+ 0.86+0.03 0.86 +0.04 1.02+0.03
3 +/— 0.69 +0.09 0.66+0.11 0.89+0.06
4 —[+ 0.80+0.04 0.92+0.03 1.14+£0.02
4+ —[+ 0.86+0.03 1.14+£0.02
Petrov and Boy (2004) 1.00+0.07 0.95+0.02




140 M. Fritsche et al. / Journal of Geodynamics 59-60 (2012) 133-142

00 02 04 06 08
Deformation admittance factor

12 14 16 18 20

Fig. 6. Deformation admittance factors for the vertical displacement component that is due to continental water storage variations (HYDL). Only those 92 sites are shown
where the displacement time series have a root mean square larger than 3 mm (cf. Fig. 3 top). The subfigure shows a zoom for Europe. Selected river basins are highlighted

in blue.

be explained not only by the smaller number of contributing VLBI
sites but also by the exclusion of site-specific admittance factors
that exceeded a certain error limit. In contrast, all GPS sites were
taken into account in our analysis.

4. Discussion

We made use of GPS observations to assess the validity of surface
deformation that was derived from modelled continental water
storage and atmospheric pressure variations. Accordingly, we have
to take into account two major error sources in the computation of
the site displacements (Eq. (3)): (1) Errors that occur when water
storage and pressure variations are translated into site displace-
ments, in particular errors in the load Love numbers, and (2) errors
in modelling water storage and air pressure variations. The load
Love numbers applied in this study are valid for a spherically sym-
metric, nonrotating, elastic and isotropic Earth model. We applied
the same Love number values for the computation of the effect due
to hydrological and atmospheric pressure loading. The transition
to a more realistic Earth model including anisotropy and anelastic-
ity has only a small effect which is typically of the order of 1-3%
(Pagiatakis, 1990). As the globally averaged vertical admittance
estimates indicate much larger total deviations (cf. Table 1), we
conclude that the major reason for the discrepancy between mea-
sured and modelled GPS site displacements are errors in modelled
continental water storage and air pressure variations.

4.1. Continental water storage variations

Modelling of continental water storage changes by WGHM
appears to suffer from larger uncertainties than modelling of air
pressure by NCEP. One reason may be that the implied NCEP data
set is a reanalysis product that was obtained by assimilating mea-
sured air pressure into an atmospheric model, i.e. the modelled air
pressure is continuously updated throughout the whole simulation
based on measurements. In WGHM, on the other hand, only one

model parameter is adjusted that is then assumed to be constant
throughout the whole simulation period.

As the accuracy of the deformation admittance factors depends
on the signal to noise ratio, we concentrate on the results obtained
for the vertical component. Assuming a GPS carrier phase measure-
ment error of 2 mm, we consider in Fig. 6 only those 92 GPS sites
where the time series for the vertical displacement shows an RMS
larger than 3 mm. 32% of those sites have an admittance between
0.9and 1.1. The weighted mean admittance for the selected stations
is 0.88, very similar to the mean admittance of 0.90 referring to all
208 stations. The unweighted average is 0.95 for the selected sta-
tions, as compared to 0.98 for all stations. This reflects that stations
with smaller displacements tend to have larger admittance factors
(cf. Fig. 5). Furthermore, these mean admittance estimates indi-
cate that on average, WGHM slightly overestimates water storage
variations.

Site-specific admittance estimates allow assessing the geo-
graphic differences of the uncertainty of WGHM results. For a
quantitative evaluation of these point values, it has to be consid-
ered that the implied load-induced deformation depends on both
the magnitude of the water storage variation and its spherical dis-
tance from the site. The relative influence of a load falls off with
increasing distance. Roughly estimated, the vertical displacement
caused by a load at a distance of 10 km is reduced to 5% and 0.1%
if the same load is located at a distance of 100 km and 1000 km,
respectively.

Over Europe and North America, with a dense GPS network, we
find good agreement of observed and modelled vertical GPS dis-
placements (Fig. 6). There, many admittance values are between 0.9
and 1.1 and, in addition, show a good spatial coherence. In North-
ern Europe, WGHM tends to overestimate water storage variations,
while in Western Europe and particularly in Southeastern Europe
including parts of Western Asia WGHM appears to underestimate
water storage variations. Like in snow-dominated Northern Europe,
an overestimation can also be diagnosed for most of Canada. For
other continental regions the model validation is less reliable either
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due to a sparse GPS station network or model predictions with a
smaller signal magnitude.

A comparison of water storage variations as modelled by WGHM
with seasonal water storage variations as observed by the GRACE
satellites showed that WGHM significantly underestimates stor-
age variations in 17 out of the 28 largest river basins world-wide,
while there is a significant overestimation for 6 river basins (Werth
and Giintner, 2010). This finding is not inconsistent with the glob-
ally averaged vertical admittance of 0.9 obtained in this study,
because the geographical distribution of the considered GPS sites
is highly heterogeneous, with a heavy bias towards Europe and
North America. The GPS results for Europe and North America are
mostly consistent with the findings of Werth and Giintner (2010).
The only 6 river basins with a significant overestimation of water
storage variations as compared to GRACE include the Mackenzie,
Nelson and St. Lawrence in North America, for which the GPS sites
located within the basins also indicate an overestimation (Fig. 6).
For the Volga basin, the overestimation cannot be confirmed as
there are only two GPS stations close to the basin boundaries.
WGHM storage variations in the Danube basin in Southeastern
Europe are underestimated compared to both GRACE and GPS.
However, it is difficult to compare results for the very few GPS
sites associated with large displacements outside of Europe and
North America to GRACE results. The other 2 basins in which WGHM
appears to overestimate water storage variations are the Yangtze
and Yellow River basins in China (Fig. 6). In the Yellow River basin,
no GPS site could be evaluated. The admittance of the GPS site
within the Yangtze basin indicates an overestimation which cor-
responds to the GRACE results. For the Amazon, where WGHM
strongly underestimates seasonal water storage variations as com-
pared to GRACE, the only GPS site, which, however, is located at
the very upstream end of the basin, also indicates an overestima-
tion.

4.2. Atmospheric mass variations

Regarding our global admittance averages, an amplification of
the vertical ATML by 13% (cf. Table 1) is necessary in order to fit best
to our GPS observations. This scaling factor might be explained by
the special choice of the degree-0 and degree-1 load Love numbers3
made by Petrov and Boy (2004). Therefore, they did not take into
account the variation of the total atmospheric mass in the displace-
ment computation procedure, i.e. global mean pressure variations
were neglected. However, Trenberth and Smith (2005) reported
changes in the total atmospheric pressure with a predominant
annual amplitude of 0.29 hPa mainly due to changes in the water
vapor content of the atmosphere. In terms of Eq. (1), this relates to
a pure degree-0 surface load with an amplitude of 3.0 mm water
equivalent. Supplementing that load portion with the correspond-
ing ocean’s response, we find maximum surface displacements of
0.5mm in radial and 0.3 mm in horizontal direction with respect
to the CM frame. Thus, the neglect of this load deformation portion
likely contributes to the discrepancies of the averaged admittance
factors from unity.

In addition, different from the nature of VLBI observations, the
orbiting GPS satellites are capable to sense CM. Therefore, the GPS
measurements are sensitive to additional fractions of the total load
deformation which might be a further explanation for the appar-
ently better agreement obtained for VLBI.

Dachetal.(2011)validated the same ATML model also by means
of estimating scaling factors for load deformation time series using
GPS but did not account for HYDL. Moreover, no globally averaged

3 http://gemini.gsfc.nasa.gov/aplo/Load_Love2_CM.dat.

3

o Admittance stacked per month ATMLony HYDL ATML
e 14-year admittance average
i RMS of the loading model [mm] 3.8 5.5 3.8
g o
E [
S
E
S
o
o
0 — T T T T T T T _T_ T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of Year
3 -
o Admittance stacked per month ~ ATML,,y, HYDL ATML
2 14-year admittance average
« RMS of the loading model [mm] 71 6.1 71
£ 5]
ke
©
c
kel
E
S
©
[a]
0

T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month of Year

Fig. 7. Site-specific admittance factors for the vertical hydrological (HYDL) and
atmospheric pressure (ATML) loading deformation. Estimates are averages for each
month of the year (solid lines) and over 14 years (dashed lines). Solution types:
ATML is applied only (violet), HYDL and ATML are applied commonly (blue, red). The
RMS refers to the modelled vertical displacements over 14 years. Top: Zimmerwald
(Switzerland, Central Europe). Bottom: Arti (Russia, Siberia).

factors were provided. Rather, in order to assess the consistency
between model and observations on an annual scale, they averaged
the admittance estimates for a particular month of the year from
a 15-year time series. In particular for the summer months, larger
deviations from the model predictions were found and attributed
to remaining loading effects.

We performed an analogue analysis for the dominant vertical
component. Fig. 7 shows the resulting 12 admittance factors per
site for stations Zimmerwald (Switzerland) and Arti (Russia). In
comparison with Fig. 6 of Dach et al. (2011), we obtain equiva-
lent results applying only the ATML model (solution [4], Fig. 7,
violet lines). Here, larger discrepancies from unity suggest a worse
model performance. However, taking into account both the HYDL
and ATML (solution [1]) notably reduces the scatter of the monthly
ATML admittance estimates with respect to the overall mean (Fig. 7,
red lines). With regards to the HYDL model, larger deviations are
still present (Fig. 7, blue lines). A possible explanation is the poorer
temporal resolution of the WGHM which is monthly as well.

5. Conclusions

GPS measurements are affected by changing load deformation
induced by variations of surface masses. In this study, they were
used to validate model-based time series of crustal deformation
derived from variations of continental water storage and atmo-
spheric pressure. Gravitational consistency and mass conservation
were forced on the surface mass load models used as input. Rather
than comparing site coordinate time series to corresponding model
outputs we directly estimated the admittance of the displacement
time series from GPS measurements.

We find promising results when applying WGHM for the con-
tinental water storage effect and the NCEP-based displacements
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computed by Petrov and Boy (2004) for the atmospheric pressure
induced effect. Our findings confirm that deformation admittances
can be determined separately for the hydrological and atmospheric
loading. A worse model performance is determined for the same
atmospheric pressure related displacements when ignoring the
hydrological loading effect.

For Europe and North America, which have a high station den-
sity, spatially coherent patterns of admittance values are identified.
The geographic distribution of areas where WGHM over- or under-
estimates corresponds well with large river basins for which GRACE
gravity field data were compared to water storage variations as
computed by WGHM. In the future, spatial coverage of the valida-
tion may be improved by evaluating additional GPS sites in South
America, Africa and Asia.

Results of this study are restricted by the monthly time resolu-
tion of the WGHM. The RMS of monthly water storage variations
is expected to be smaller than that of daily or subdaily values.
This smoothing most probably causes a bias and systematically
affects the corresponding admittance estimates. In this regard, fur-
ther investigations will include a higher temporal resolution for
the hydrological load representation. The global ATML admittance
reveals significant differences from the applied model, too. Future
attempts will include ATML-related site displacements that refer
also to variations of the total atmospheric mass.

The approach of estimating the admittance of a function that
depends on the load potential can be applied to other space geode-
tic observations, too. In particular, satellite gravimetric data allow
quantifying the admittance of model-based variations in the Earth’s
gravitational potential field that are caused by mass transport.
However, the application of GPS for validation purposes plays a
unique role. Based on GPS measurements, the validity of load
models can be evaluated for different sites with high (subhourly)
temporal resolution. Corresponding models are applied in the
GRACE data processing in order to perform a dealiasing concerning
the effect of high frequency gravity field changes.
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